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This thesis is an investigation into the intervention of plants in a built environment. 
Buildings, Climate and Plants are considered the three indispensables in a built 
environment. Buildings replace the original plants and create urban climates which 
may trigger many environmental issues. Climate influences the typology, 
performances and energy consumption of buildings and governs distribution, 
abundance, health and functioning of plants meanwhile. Plants, in return, bring many 
related benefits to buildings and generate Oasis effect in harsh urban climate. The 
three indispensables are therefore closely linked to each other and create a unique 
Buildings-Climate-Plants system in a built environment. A conceptual model from 









PB↑ + PC↑ = BC ↓ + CB ↓ Hypothesis 1 





In view of the complicated nature of the interrelationships between the three 
indispensables, the focus of this work is to study the intervention of plants in the 
conflicts between buildings and climate in Singapore. The two hypotheses have 
been testified from both macro and micro scales through a series of background 
studies. Meanwhile, an experiment has been carried out in order to generate the 
final deliverable, green sol-air temperature. It is a new concept which is 
developed with reference to the mature sol-air temperature concept. With 
interpreting the intervention of plants as a barrier in-between buildings and 
climate at the micro level, the new concept can fully fit into the proposed 
conceptual model and predict the thermal benefits of plants around buildings in 
tropical climate.  
 
According to its content, the dissertation is mainly divided into six parts and it is 







PB↓ + PC↓ = BC ↑ + CB ↑ Hypothesis 2 
Climate  Buildings  
Plants 
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CHAPTER 1 INTRODUCTION 
 
 
“Tree is leaf and leaf is tree - house is city and city is house - a tree is a 
tree but is also a huge leaf - a leaf is a leaf but it is also a tiny tree - a city 
is not a city unless it is also a huge house - a house is a house only if it is 
also a tiny city."     
Aldo van Eyck 
 
 
As Bridgman (1995, p.xv) observed, “Cities are generally the places where the most 
intense interaction between humans and their environments takes place.” The rise of 
cities is due to the rapid urbanization which is a growth in the proportion of a 
population living in the urban areas. The world is experiencing an unprecedented 
urban growth currently. Only 3% of the world's population lived in urban areas in 
1800. The figure rapidly jumped to 14% in 1900 and 47% in 2000. It has been 
estimated that over 80% of the world population will reside in cities by 2100.  
 
As the highly built environment, a city colonized on a natural environment changes 
the pattern of its original microclimate, landscape, and fauna. The impacts on a 
single small city are limited but multiplied for a mega city or a group of cities. The 
rapid urbanization worldwide accelerates the formation of many mega cities and 
simultaneously triggers many environmental issues such as severe environmental 
pollutions, global warming, Urban Heat Island effect, etc. As a result, the original 
balance created by Mother Nature has been upset and the lives of humans on the 
planet are threatened. It is critical to rethink the emerging conflicts between built 
environment and nature. On one hand, the cities will continue to be developed to 
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cater to the needs of the increasing population. On the other hand, sustainable and 
ecological concerns in cities are necessary.  
 
Instead of simply considering a built environment as the collection of buildings, it is 
better to understand a city from both biological and physical perspectives. A general 
model (see Figure 1. 1) shows the complex web of interrelationships with respect to 
interrelated nature of many necessary components in a built environment.  
 
 
Figure 1. 1. The built environment: A general Model (Maf Smith, et al., 1998 p. 5). 
 
Among the complicated web of interactions, three fundamental components, plants, 
climate and buildings, have been chosen to be explored throughout this research. 
All the three components are the indispensable elements in a city. Meanwhile, 
climate and plants are also critical for the constitution of a natural environment. Since 
they are shared by the two environments, climate and plants are the possible 
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elements with which the difference between a built environment and a natural one 
can be diminished or enlarged. Therefore, there is a need to evaluate the significant 
roles of the three components and their interrelationships in a built environment. 
Before any conclusion can be made, a review of the three key components and their 
close interrelations is necessary.  
 
1.1 Plants versus climate 
 
Climate, especially sunlight, temperature and precipitation, is one of the major 
ecological forces that govern distribution, abundance, health and functioning of plants. 
But the extent of the climatic influence varies according to its scale. In return, plants 
also have an influence on the climate. It is necessary to give the definitions of 
macroclimate, mesoclimate, and microclimate before further discussion on climate 
and plants is made. According to Ph. Stoutjesdijk and J. J. Barkman (1992, p.7):  
  
“…macroclimate, which we may define as the weather situation over a 
long period (at least 30 yr) occurring independently of local topography, 
soil type and vegetation.” “The mesoclimate, or topoclimate is a local 
variant of the macroclimate as caused by the topography, or in some 
cases by the vegetation and by human action.” “…All these influences 
are strongest in the lower 2 m of the atmosphere and the upper 0.5 to 1 
m of the soil. The climate in this zone is called microclimate.”   
 
1.1.1 The impact of climate on plants 
Basically, the macroclimate governs the distribution patterns of plants all over the 
world since the soil conditions (e.g. Soil development, leaching and podzolisation, 
salt accumulation, erosion by rain and wind, solifluction), which are significant for the 
growing of plants, are closely related to the localized climate. As a result, the climatic 
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zones in the Earth determine what types of plants can survive in the region. Figure 1. 
2 presents the global distribution of the current forests. Basically, there are two major 
types of forests in the world: tropical forest as well as temperate and boreal forest. 
They all strictly follow the climatic boundaries determined by the climate.  
 
Figure 1. 2. Global distribution of current forest:  
1 Evergreen needleleaf forest; 2 Deciduous needleleaf forest; 3 Mixed broadleaf/needleleaf forest; 
4 Broadleaf evergreen forest; 5 Deciduous broadleaf forest; 6 Freshwater swamp forest; 7 
Sclerophyllous dry forest; 8 Disturbed natural forest; 9 Sparse trees and parkland; 10 Exotic 
species plantation; 11 Native species plantation; 12 Lowland evergreen broadleaf rain forest; 13 
Lower montane forest; 14 Upper montane forest; 15 Freshwater swamp forest; 16 Semi-
evergreen moist broadleaf forest; 17 Mixed broadleaf/needleleaf forest; 18 Needleleaf forest; 19 
Mangroves; 20 Disturbed natural forest; 21 Deciduous/semi-deciduous broadleaf forest; 22 
Sclerophyllous dry forest; 23 Thorn forest; 24 Sparse trees and parkland; 25 Exotic species 
plantation; 26 Native species plantation. (Source from http://www.unep-
wcmc.org/forest/global_map.htm~main). 
 
To some extent, the macroclimate also shapes the morphology of plants. It can be 
reflected through the different leaf cross sections (see Figure 1. 3) picked from the 
different climatic regions. It is one of the adaptive features that make plants survive in 
different habitats in the world, from extremely cold polar region to hot and humid 
tropical area.   
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Figure 1. 3. Formation of leaves in different environments (Olgyay 1963, p. 85). 
 
The biological importance of microclimate over plants cannot be ignored as well. 
Each plant has an ideal condition under which it thrives. The condition is normally 
defined by the availability of sunlight, yearly temperature variations, soil type, soil 
drainage, and water demanding which varies according to the microclimate on the 
spot. Moreover, microclimate governs the heat and water budget, the rate of 
evaporation and transpiration, the phonological manners, the texture and structure 
(leaf size, leaf consistency, leaf inclination, etc.) of a plant. The growth of a plant is 
very much related to the microclimate under which it is planted.     
 
1.1.2 The impact of plants on microclimate 
According to Koenigsberger et al. (1973, p.18), the picture of climate is incomplete 
without some notes on the character and abundance of plants. Plants do improve the 
climate, more accurately, the micro climate by providing a shelter from the sun and 
wind, decreasing air temperature, increasing humidity and so on. The ability of 
modifying a microclimate is decided by density and species of plants. For example, a 
meadow can do little to modify the microclimate as compared to a forest.       
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In general, plants can adjust microclimate through their unique shading, evapo-
transpiration and photosynthesis processes. First of all, leaves can seize most of the 
incoming solar radiation. For example, trees are observed to intercept 60% to 90% of 
the radiation (Lesiuk 2000). Except for a very small portion transformed into chemical 
energy through photosynthesis, most of the absorbed solar radiation can be modified 
to latent heat which converts water from liquid to gas resulting in lower leaf 
temperature, lower surrounding air temperature and higher humidity through the 
process of evapo-transpiration. The whole process can be easily explained through 
the energy budget of a plant (Jones 1992, p.106) as follows: 
 
 Φn – C - λE = M + S 
Where 
 
Φn  = net heat gain from radiation (short-wave radiation and long-wave 
radiation). It is often the largest and it drives many other energy 
fluxes  
C = net sensible heat loss, which is the sum of all heat loss to the 
surroundings by conduction or convection 
λE = net latent heat loss, which is that required to convert all water 
evaporated from the liquid to the vapour state and is given by the 
product of the evaporation rate and the latent heat of vaporization 
of water (λ = 2.454MJ kg –1 at 20ºC)  
M = net heat stored in biochemical reactions, which represents the 
storage of heat energy as chemical bond energy and is 
dominated by photosynthesis and respiration 
S = net physical storage of thermal energy, which includes energy 
used in heating the plant material as well as heat used to raise 
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the temperature of the air 
 
It is necessary to highlight that energy transferred to latent heat through plants can 
be very high. For example, an average tree during a sunny day can evaporate 
1460kg of water and consume about 860 MJ of energy (Moffat and Schiler 1981). On 
the other hand, any surface covered with plants has a different Bowen ratio (see 
Figure 1. 4), which is the ratio of the sensible heat flux to the latent heat flux, 
compared to a mineral surface. According to Santamouris (2001, pp. 146), the 
Bowen ratio is typically around 5 in a built environment and up to 110 in a desert.  
However, Bowen ratio ranged from 0.5 to 2 can be observed in a planted area. Lower 
Bowen ratio means that lower ambient air temperature can be experienced when 
similar incident radiation is received by an area. Therefore, oasis effect (opposite to 
Urban Heat Island effect) characterized by low ambient air temperature can be 




Figure 1. 4. The three types of heat flux over different terrains (Santamouris 2001, p.29). 
 
Vegetation can protect against undesired wind as well. A windbreak can be formed 
when trees, shrubs, or other plants that are placed perpendicular or nearly so to the 
principal wind direction. Soil, crop, homestead, and road can be protected against the 
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negative effects of wind, such as wind erosion and drifting of soil and snow. Also, 
plants can be used to redirect the flow of air and channel it to expected area or 
location. The ability depends very much on the types of the plants. Grassy areas 
have slight effect on sheltering wind while bushes impede wind near the ground. A 
barrier of dense trees, however, can completely shelter a space from wind to a 
distance of two or three times their heights without creating turbulence.  
 
The climatic improvement caused by plants can be observed not only in the natural 
environment but also the built one. Givoni (1998, p. 308) pointed out the climatic 
effects of plants around building as follows:  
 
a. Trees with high canopy, and pergolas near walls and windows, 
provide shade and reduce the solar heat gain with relatively small 
blockage of the wind (shading effect). 
b. Vines climbing over walls, and high shrubs next to the walls, 
while providing shade, also reduce appreciably the wind speed next 
to the walls (shading and insulation effect). 
c. Dense plants near the building can lower the air temperature 
next to the skin of the building, thus reducing the conductive and 
infiltration heat gains. In winter they, of course, reduce the desired 
solar gain and may increase walls’ wetness after rains.  
d. Ground cover by plants around a building reduces the reflected 
solar radiation and the long-wave radiation emitted toward the walls 
from the surrounding area, thus lowering the solar and long-wave 
heat gain in summer.  
e. If the ambient temperature around the condenser of an air 
conditioning unit of a building can be lowered by plants the 
Coefficient of Performance (COP) of the system can be improved.  
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f. By reducing the wind speed around a building in winter plants 
can reduce the infiltration rates and heating energy use of the 
building (Insulation effect).  
g. Plants on the southern side of a building can reduce its potential 
to use solar energy for heating. Plants on the western and eastern 
sides can provide effective protection from solar gain in summer.  
 
In summary, Macro climate governs distribution, abundance, health and functioning 
of plants while they influence microclimate in their return.  Without plants, many 
habitats on the planet for humans and animals will suffer due to unfavourable micro 
climate.  
   
1.1.3 The situation in Singapore 
Singapore is situated about 137km north of the Equator. The climate here can be 
classified as the equatorial climate that is characterized by the relatively high air 
temperature, high humidity, high and evenly distributed rainfall, light wind, and long 
periods of still air.  
 
Actually, the air temperature in Singapore is not as high as other inland tropical cities 
due to its island maritime climate. The annual mean average temperature is 26.7ºC, 
and the diurnal temperature range is from 7 to 8ºC. The air temperature difference 
over the year is also quite small. The lowest mean temperature is 25.7ºC observed in 
December and January and the highest one is 27.5ºC detected in May and June. 
The humidity level in Singapore is very high. The annual daily average relative 
humidity is up to 84.3%. There is no obvious difference in seasonal relative humidity. 
Two main prevailing wind periods are experienced in Singapore. One is the northeast 
monsoon (wind from the NNE direction) normally observed from December to March. 
The other is the southwest monsoon prevailing from June to September. The rest of 
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the time belongs to the inter monsoon period from April to May and from October to 
November. Wind is weak and evenly distributed over all directions during the period. 
As Singapore is situated near the Equator, the solar radiation received is strong 
throughout the year. The monthly mean daily solar radiation reaches its maximum 
level at 503.5 mWhr/cm2 in February and 497.3 mWhr/cm2 in March. It drops below 
400 mWhr/cm2 in November and in December due to the frequent appearance of 
overcast days. 
 
The flora of Singapore is well-known by tropical standards - the humid tropical types 
of plants. The island has a variety of vegetation species ranged from natural primeval 
forest to managed road trees. The extensive diversity reflects the local equatorial 
climate. With rich precipitation and optimum temperature, the maintenance over 
these vegetations is minimal. According to Richard Corlett (1991), there are three 
major vegetation types in Singapore. They are primary vegetation, secondary 
vegetation and inter-tidal vegetation. 
 
The rainforests dominated by woody plants is concentrated in Bukit Timah Natural 
Reserve and part of the central catchment area belongs to the primary vegetation. In 
addition, freshwater swamp forest distributed in the Nee Soon (Yishun) firing range 
and south of Seletar reservoirs are also considered under this category.   
 
Secondary vegetation includes both spontaneous and managed vegetations. The 
existence of herbaceous secondary vegetation on the island followed a certain 
sequence. Herbaceous vegetation, such as lalang grassland is the first plants thrived 
in the ever exposed soil although they can be only found in some vacant areas today. 
Most herbaceous plants nowadays are exotic species (over 150) imported from 
tropical America, Africa and Asia. Low secondary forest and scrub followed the initial 
herbaceous vegetation. The species are rich (Adinandra dumosa, Dillenia 
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suffruticosa, Fagraea fragrans, Ficus grossul arioides, Macaranoa heynei, etc.). They 
can be found everywhere in Singapore but the largest remaining areas are in the 
western water catchment and on Pulau Ubin, Pulau Tekong and Sentoda Island. Tall 
secondary forest existed 30 - 50 years later than the low one. Rhodium cinerea, 
Garcinia parvifolia and Calophyllum pulcherrimum are all the species of tall 
secondary forest which is confined to the central water catchment area. Other than 
all above mentioned spontaneous secondary vegetation, there are small pieces of 
secondary swamp forest, submerged aquatic plants here and there in Singapore. 
Parks and gardens are the main body of the managed secondary forest. Farms of 
Brassica species, orchids, ornamental plants, tobacco and sugar cane with an area 
of less than 6000 ha. as well as plantations dominated by rubber and coconut are 
also the managed secondary forest. 
 
Mangrove forest is the only inter-tidal vegetation in Singapore. Today, it is retained 
along the western and northern coasts of the island and on some of the offshore 
islands. There are about 23 species of true mangrove trees which are considered 
among the richest mangroves in the world. 
 
Besides the many related benefits, luxuriant greenery offers many positive climatic 
impacts in Singapore. Trees planted along roads, pedestrian paths, in playgrounds, 
carparks and open spaces provide shade to the residents and pedestrians. The 
ground is covered with turf to reduce the reflected radiation. However, plants have 
not been strategically considered to ameliorate the microclimate in Singapore. For 
example, trees are not planted to protect the buildings from the solar gain. Enhancing 
the image of Garden City is still the purpose of the local landscaping at the moment.  
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1.2 Plants versus buildings 
 
According to Kiran B. Chhokar (2004, p.189), "shrubs, grasses, trees and other forms 
of natural vegetation are usually the first victims of urbanization."  Furthermore, a city 
without plants would be a big disaster since all related benefits will be gone with the 
disappearance of plants.  
 
1.2.1 Impact of buildings on plants 
First of all, buildings in cites will greatly influence the biodiversity of plants since 
native plants would be intervened by rapid urbanization. City dwellers may 
deliberately or accidentally introduce a large number of exotic plants which compete 
with the native plants in terms of habitats and resources including water, nutrition, etc. 
The original habitats for local plants may be cleared or isolated. As a result, many 
original plants become extinct or endangered. The loss of a great number of species 
in cities means the loss of ability to self-recover within an ecosystem since the 
number of population interactions within and between species plays an important role 
in maintaining the health of the system. On the other hand, small populations also 
mean that there is a limited genetic bank to draw upon in the future.  
 
In cities, another critical threat is the loss of natural habitats for all plants at a faster 
pace compared to that in rural areas. The blocky and angular buildings are always 
replacing the soft shapes of trees, shrubs and grass with asphalt, brick, concrete and 
glass. Basically, buildings and plants are competitors in terms of space in cities. The 
truth is that preserving natural habitats and greening cities cannot keep up with rapid 
deforestation and urbanization worldwide. According to an assessment released by 
the Food and Agriculture Organization of the United Nations (FAO) in 1997, total 
forested area continues to decline significantly. A net loss of 180 million hectares 
between 1980 and 1995, or an average annual loss of 12 million hectares was 
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observed. Figure 1. 5 indicates the tropical forest cleared between 1960 and 1990 
worldwide. There is still an increasing pressure on the world’s forests in the next few 
decades due to the convergence of the population growth, a rising demand for 
lumber and fuelwood, and the conversion of the forests to agriculture.  
 
 
Figure 1. 5. Percentage of Tropical Forest Cleared by Region Between 1960 and 1990 (Source 
from Bryant et al. 1997, p.14). 
 
Except for the loss of biodiversity and natural habitats, plants in cities also face the 
challenges of urban runoff and pollution. The hard surfaces in cities, such as 
pavement, building facades and roofing, are sort of impervious surfaces which will 
not allow the leakage of water but channel it rapidly towards cities’ storm water 
discharging systems. The urban runoff means that extra irrigation is needed to 
maintain the growth of plants in cities. In addition, various chemicals discharged from 
a built environment concentrate in the atmosphere and the water can cause severe 
pollutions. They increase the stress that plants endure in cities. Pollutants in the form 
of smog and sewage cause sensitive plants to die off easily in cities. Meanwhile, the 
discharged water which brings the impure nutrients collected from the surfaces of 
streets, developments and factories can modify the pattern of soil nutrition in suburbs 
where the destruction of greenery will also occur.   
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1.2.2 Impact of plants on buildings 
Plants are the foundation for most ecosystems’ food chains and without them, not 
only would many of Earth's inhabitants perish, but also the Earth itself would suffer. 
In a built environment, the role of plants is equally important in terms of maintaining 
an ecological balance which has been illustrated in Figure 1. 6. Humans reconstruct 
urban environments at the cost of finite natural resources and massive wastes. If this 
trend continues without any compensation, the built environment will face its downfall 
very easily. Plants, fortunately, play an important role in recycling of resources. They 
can compensate the negative impacts caused by a built environment at different 
levels, form a site, a region, a zone all the way to the planet. With the help from the 
plant kingdom, people can live a healthy life in the built environment. Simultaneously, 
wildlife also benefit from urban greenery as acute erosion of habitats can be reduced. 
Insects, birds, other small animals and plants can form a simple food chain in the 
cities. 
 




Figure 1. 6. The ecological balance as suggested by Lovelock (1988, p.28).  
 
Plants also give urban dwellers the significant psychological sense of accessing the 
Mother Nature in concrete jungles where buildings and pavements dominate the 
landscape. In addition, vegetation provides elements of natural scale, visual beauty, 
added real-estate value as well as seasonal indicator to buildings and streets. These 
are all the amenity benefits brought by plants in built environments and they are not 
easy to be evaluated quantitatively. 
 
Although heavy pollutions pose hazards to their growth in cities, plants can clean the 
air through leaves by capturing both particulates and gaseous air pollutants to some 
extent. It is observed (Johnston 1992, p.10) that a street with trees has 10-15% of the 
 
CHAPTER 1 INTRODUCTION 
 16
dust which is observed in a similar street without trees. Inorganic materials (hard 
surfaces in cities) are not able to remove pollutants in this manner. Plants’ roots and 
the soil can also remove some of impurities from the water before it enters a 
groundwater aquifer. Impurities, such as nitrogen or phosphorus, chemically bond 
with some types of soil particles. Subsequently, they are removed from the soil and 
taken up by plants. It is believed that majority of cadmium, copper and lead as well 
as notable zinc and nitrogen level can be taken out of the rainwater by plants 
(Johnston 1992, p.12).  
 
Plants can also provide thermal protection to buildings by providing shelter from sun 
and wind, decreasing surrounding air temperature and increasing the air humidity 
which has been discussed previously. Energy savings obtained from strategically-
placed plants around buildings are also remarkable. The cooling effect of an isolated 
mature tree transpiring four hundred and fifty liters per day from its leaves has been 
estimated to be equivalent to five average size room air conditioners running twenty 
hours per day (Pitt 1979, pp. 205-230).  The energy savings can be achieved by 
plants directly and indirectly. The direct savings is caused by shading of plants and 
modification of micro climate around buildings. The indirect one is the result of the 
mitigative Urban Heat Island effect in cities which will further benefit the energy 
conservation at macro level in a hot season.  
 
The combination of plants and soil can retain the rainwater longer and slow down 
stormwater runoff compared to brick, concrete and other hard surfaces which 
discharge precipitation immediately. It is impressive that three quarters of rainwater 
can be retained while only one quarter is discharged immediately by a green roof 
(Johnston 1992, p.11). The risk of flooding can be reduced and the cost for upsizing 
the sewers and gutters can be saved.    
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Overall, plants make up a city’s "urban forest" and provide many environmental and 
social benefits. These tangible benefits of plants in cities have been summarized by 
Johnston (1992, pp.10 –12) as follows: 
 
“Plants help to cleanse the air of both particulate and gaseous air pollutions; 
Plants improve the climate; 
Greenspaces slow down stormwater runoff; 
Vegetation absorbs pollutants from rainwater; 
Vegetation on buildings helps to offset the erosion of wildlife habitats; 
Green buildings are good investment.” 
 
1.2.3 A new perspective  
It is always a dilemma in a city that more buildings should be constructed to meet the 
requirement of an increased population while more land should be reserved for 
landscape/greenery to maintain an ecological health of the city at the same time. The 
German landscape architect Hermann Barges (1986, pp. 40-42) recommended a 
new perspective on greening of cities: 
 
“… towns can be seen as concrete mountains where the streets are ravines 
and valleys and the houses are like stones or rocks. The roofs of the houses 
correspond to alpine meadows and pastures. The façades of the houses are 
slopes, vineyards and terraces. The windows have the appearance of caves 
and the front gardens are the edges of forests. Courtyards are small valleys; 
streams are waterways and open spaces in general are deserts and steppes. 
Finally the chimney and stacks of houses are small volcanoes. If we visualise 
urban areas in this way we will be able to resettle nature within the town while 
considering the natural forms we are trying to evoke and thereby how we 
expect plants to create these illusions for us.”  
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There is no doubt plants play a significant role in providing a satisfactory environment 
within cities for their inhabitants. According to B. Givoni (1991, pp. 289-299), there 
are two fundamental categories of greenery in an urban environment: public open 
space and plants within architectural sites.  
 
Landscape on the ground is still the mainstream of urban green spaces. Trees along 
streets, gardens, urban parks, nature reserves, and so forth are all the public green 
areas. Plants and large public green areas often play a significant role in establishing 
the image of a city and providing a place where large gathering and social activities 
can be carried out. Meanwhile, they are considered as environmental luxuries with 
the increasing population and further urban development. 
 
Plants strategically placed around buildings have become a matter of great interest 
recently due to its direct benefits over buildings. Balcony garden, green roof and 
vertical landscaping are some good examples. Although greenery placed on hard 
surfaces cannot totally compensate the loss of valuable green space on the ground, 
it is really an ecological approach which can extend the natural environment onto the 
harsh urban skin – its hard surfaces. Roofs, walls, balconies, and other hard surfaces 
can be transformed into a living landscape, and the ecologically dead areas come 
alive. All these benefits are so great that it can bring a surprise to even the most 
enthusiastic advocate of environmentally friendly building (Johnston 1992, p.9).   
 
In summary, buildings and vegetation could not be the competitors but the 
collaborators in cities.  The importance of vegetation in terms of mitigating the 
negative impacts caused by the rapid urbanization should not be neglected. 
Therefore, greenery should be introduced into a built environment as much as 
possible in the form of not only large public green areas but also strategically placed 
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items around buildings.   
 
1.2.4 The situation in Singapore 
Singapore Island is a good example to illustrate the change of the land use during 
the last century. Singapore was once a green island covered by the dense primary 
forest. Situated at the southern tip of the Malay Peninsula, Singapore supports a 
humid tropical type of vegetation. The herbaceous vegetation was distributed along a 
narrow strip between the sea and the beach forest. Most of the coast was overgrown 
with the mangrove forest, while around five percent of the land area was covered by 
the freshwater swamp forest. The rest of the island was the tropical rainforest (Sien, 
Rahman & Tay 1991, pp. 134-135).  
 
Originally, there were only about 150 habitants living at the mouth of the Singapore 
River. With the establishment of the trading post, the population increased to about 
5000 in 1819. Subsequently, with the decline of trade in 1834, many people began to 
introduce agriculture into the island. Rubber, nutmeg, pepper, gambier, and 
pineapples were the major economic crops in Singapore. The increasing economic 
benefit led to the deforestation for the planting of various crops. The total crop area 
reached about half of the main island; the other half was covered with scattered 
patches of forest, where most valuable timber was depleted.  
 
In 1882, the government began to pay attention to the issue of deforestation. A forest 
reserve was created. By 1886, there were thirteen natural reserves with a total area 
of 4676 ha. In 1907, the area of the reserves had been increased to 6033 ha.  In 
1930, the natural reserves reached their maximum level, 6579 ha or 11.7% of the 
land area. From then on, the abandonment of all reserves was proposed.  In 1951, 
the total area of natural reserves was 1940 ha. With the population of over four 
millions, there are only three natural reserves left today (see Figure 1. 7). They are 
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Bukit Timah (75 ha), Labrador (4 ha) and the Water Catchment area (2059 ha). Bukit 
Timah is the only place where the primary rainforest exists. Overall, the continuous 
development in Singapore has led to the large-scale destruction of the primary 
vegetation. Natural reserves have disappeared to make way for offices, factories and 
housing developments. At present, only around 6-7% of the land surface is for forest 
and farm holding area. Another 42% of the land surface is for inland water, open 
spaces, public gardens, and so on (Chia 1991, p.191). 
 
 
Figure 1. 7. The extent of nature reserves in Singapore today (Wee 1986, p.14). 
 
Public open space and plants within architectural sites can be easily found in the 
process of making a Garden City in Singapore. The idea of making Singapore a 
Garden City originated with the launching of the Garden City campaign in 1967. The 
purpose of planting was to create a green and beautiful environment. The Park and 
Recreation Department (PRD) was in charge of creating Singapore’s Garden City 
image. The efforts in landscaping the roads and creating the new urban parks, 
playgrounds, and open spaces make Singapore look really green. Every road has 
been planted with rows of trees, and every vacant plot of land has been covered by 
shrubs or grass. Unsightly areas, such as dumping grounds and sub-stations, are 
screened off with shrubs and climbing plants. The flyovers have been decorated by 
flowing plants and creepers. Even the lampposts in some parts of Singapore are 
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festooned with climbers. Altogether, more than 4.5 million trees and shrubs have 
been planted since 1967. There is no doubt that the greening of Singapore is a great 
success (see Figure 1. 8). Currently, Singapore has 2618 ha of parkland and 2360 
ha of roadside greenery (http://www.nparks.gov.sg/gardencity/maintaining.shtml). 
Plants have brought the many benefits that extend quite beyond the beautification 
function. The urban environment and the quality of life have been greatly improved. 
  
 
Figure 1. 8. Urban green area (Source from Official Guide of Singapore 1998, p. 27). 
 
The rising ecological concern for building design attempts to create harmony 
between the buildings and the environment. The greening of building is essentially an 
ecological measure in this area. National Parks Board (Nparks) therefore launched a 
skyrise greenery approach/programme in recent years: 
 
“Singapore, like many other highly dense cities around the world, has begun 
to create a three-dimensional garden for our urban environment. Like Chicago, 
Toronto, Tokyo and Germany, we have incorporated landscaped rooftop 
gardens and other forms of skyrise greenery in our urban landscapes. In 
recent years, both private and governmental projects have increasingly 
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NParks’ greening programme has been moving upwards through the greening of 
rooftop and facade of building to improve the environment for a good living. Some 
existing greenery on the buildings can be found in the form of rooftop garden, podium 
garden, balcony planting, or façade greenery in Singapore (see Figure 1. 9). 
Recently, more attention has been paid to the tall residential buildings and multi-
storey carparks (see Figure 1. 10).  
 
    
 
    
Figure 1. 9. Greenery on buildings in the form of rooftop garden, podium garden, balcony 
planting, or façade greenery (Source from http://www.nparks.gov.sg/gardencity/skyrise.shtml). 
 
     
Figure 1. 10. Proposed middle-level gardens on 40-storey new HDB blocks and rooftop gardens 
on multi-storey carparks (Source from http://property.zaobao.com/pages/planning270601.html). 
 
However, Singapore is still considered a concrete jungle. It can be reflected by the 
increasing population and increasing demands for housing (see Figure 1. 11). 
Together with the concentrated commercial buildings and the scattered industrial 
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developments, the majority of the hard surfaces in Singapore are not involved in the 
greening programme.  More efforts are still necessary to make the island green.  
  
 




1.3 Climate versus buildings  
 
Climate has great impacts on the typology, performances, and even patterns of 
energy consumption of buildings. Buildings, as the shelters for human being, are 
used for protecting residents from any unfavorable outdoor climate and creating a 
suitable indoor environment. But they can influence climate in return when a number 
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of buildings are concentrated. The rise of environmental issues related to the rapid 
urbanization worldwide indicates the great impacts of buildings on urban climates.  
 
1.3.1 Impacts of climate on buildings 
In general, climate has some great impacts on the typology of a building. 
Temperature, precipitation, humidity, sunshine, wind, and so on can greatly influence 
the types of buildings in different climatic zones. The most critical climatic influence is 
the temperature. The thermal resistances of walls and the capacity of mechanical 
systems (for heating or cooling) are all decided by the indoor-outdoor temperature 
difference. A building should be designed to respond well to the temperature 
difference. A cold resistant design is the major concern in a cold region while a heat 
resistant one is predominant in a hot area. It is a slight complicated in a temperate 
region since the seasonal change there is necessary to be considered in building 
design. As a result, buildings in cold area are commonly featured by thick solid walls, 
small windows in a compact manner. On the other hand, thin facades, big openings 
and loose layout are the characteristics of tropical architecture. Precipitation is 
another climatic factor which affects the design of buildings in several ways. The 
primary requirement for any building is that any leakage should never occur through 
walls and roofs. As a result, overhanging roofs (mostly pitch roofs) can be found in a 
rainy location while flat roofs are deployed in buildings in a dry area. Concerns for 
sunshine and wind could also be raised in the design of buildings in different climatic 
zones. The priority of a building design is that the structure must be strong enough to 
withstand strongest wind load that might occur. When excessive solar radiation or 
unfavorable wind is experienced on site, sun-shading or windbreak strategy should 
be applied to buildings. In some hot areas, the layout of a building should be 
designed to enhance natural ventilation and dissipate heat easily.   
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Climate also has impacts on buildings in terms of thermal performance, visual 
performance, acoustic performance, spatial performance, indoor air quality and 
building integrity. Buildings which respect local climate can achieve better 
performance primarily. For example, a building oriented with its main facades facing 
the orientations with less incident solar radiation can contribute to its thermal 
performance. A window/opening designed to face the prevailing wind can introduce 
natural ventilation and create a healthy indoor environment. Visual performance can 
be enhanced when day lighting is introduced maximally into a building. Spatial 
performance of a building is also related to climate since a compact layout is suitable 
for a cold region and a loose one is good for a hot area. Climate does not always 
have positive impacts on the buildings’ performances. Sometimes, negative 
performance may be caused by climate. For example, climate is the enemy of 
building integrity. Erosion, fracture, degradation and weathering of building structures 
can be caused by rainfall, frost and ice formation, wind, and sunshine.           
 
Climate can influence the pattern of energy consumption in buildings. Heating energy 
consumption predominates in buildings under cold weather while it is mainly cooling 
energy consumption for buildings in hot climate. Both cooling and heating energy are 
necessary for buildings in a temperate climate due to seasonal alternation. It is worth 
to understand the cooling or heating energy consumption was not incorporated with 
building at very beginning. The traditional human habitats mostly respond well to 
local climate through employing proper building materials and climate conscious 
design. As a result, minimal energy input is required to maintain a comfortable indoor 
environment. Unfortunately, these traditional architectures cannot fulfil the 
requirements of rapid urbanization worldwide. Modern buildings emerged and 
replaced the venerable ones with integrated mechanical systems which consume 
energy to maintain a comfort internal environment. The emphasis has been shifted 
from the climate conscious design to the function-oriented one. International Style (a 
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symbolism of modern architecture) characterized by flat roof, smooth facade and 
cubic shape has been built everywhere without considering local climate. Maintaining 
a comfort indoor environment for such a building purely relies on running of various 
mechanical systems which consume enormous energy. A massive increase in 
energy consumption began with the era of industrial civilization. At present, roughly 
50% of the world fossil fuel consumption is related to the servicing of buildings 
(Brenda and Robert Vale 1991, p.23). The rising cost of energy, the recognition of its 
supply limitations, and the degradation of the planet are all the outcomes of 
attempting to meet the excessive energy demands in buildings. Therefore, passive 
designs with respect to local climate as well as low energy consumption buildings 
have drawn attention worldwide again.   
 
1.3.2 Urban climate created by buildings 
Conversely, buildings can influence climate through urban physical structure and 
urban waste emissions. According to H. Bridgman et al. (1995, p.15), buildings in 
cities influence the climate in five major ways:  
 
1. By replacing grass, soil, and trees with asphalt, concrete and 
glass;  
2. By replacing the rounded, soft shapes of trees and bushes with 
blocky, angular buildings and towers; 
3. By releasing artificial heat from buildings, air conditioners, 
industry and automobiles;  
4. By efficiently disposing of precipitation in drains, sewers and 
gutters, preventing surface infiltration; and  
5. By emitting contaminants from a wide range of sources, which 
with resultant chemical reactions can create an unpleasant urban 
atmosphere.    
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Radiation and heat budgets in a built environment are totally different from those in a 
rural environment. Higher temperatures in cites are observed. It is the well-known 
Urban Heat Island (UHI) effect. The primary cause of UHI is rapid urbanization which 
replaces natural landscape with massive hard surfaces, such as building façade, 
road, and pavement. Firstly, these hard surfaces in a built environment re-radiate 
solar radiation in the form of long-wave one to surroundings. Secondly, the lack of 
extensive greenery incurs the loss of a natural cooling means which can cool down 
surrounding air through evapotranspiration. Finally, UHI is also aggravated by the 
lack of moisture source due to the large fraction of impervious surfaces in cities (the 
rain water is discharged quickly). The UHI effect has been well explored worldwide 
(Oke, Landsberg, Santamouris). Some of the most important factors which may 
influence UHI include canyon geometry, thermal properties of materials, 
anthropogenic heat, urban greenhouse effect, and evaporation surfaces 
(Santamouris 2002). According to Landsberg (1981), UHI, as the most obvious 
climatic manifestation of the urbanization, can be observed in every town and city. 
UHI has some great impacts on urban dwellers. Higher temperatures in cities will 
increase energy use for cooling and water demand for landscape irrigation. The 
increased cooling energy consumption will subsequently raise peak electric demand. 
As a result, more electrical energy production is needed and more greenhouse gas is 
emitted due to the combustion of fossil fuel in cities. A feedback loop occurs when 
the greenhouse gases eventually contribute to global warming and further increase 
the temperature, energy demand and emissions in turn. Beside the energy 
consideration, the high temperature may also be a hazard to health. Atmospheric 
pollution can be aggravated by the accumulation of smog that is related to the 
combination of the higher temperature and the presence of air pollutants. The 
increased emission of ozone precursors from vehicles and vegetation is associated 
with the high ambient air temperature as well. Furthermore, risk of heat-stress related 
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injuries will be increased due to the high air temperatures in cities. For the sake of 
energy saving, human health, and pollution removal, UHI must be minimized. 
 
Besides the higher temperature, Bridgman (1995, p.29) also believed that the lower 
relative humidity (but the higher absolute humidity), higher incidence of fog, lower 
wind speed (but it is strongly influenced by the orientations of buildings and the street 
canyons), greater precipitation and cloudiness can be experienced in cities as 
compared to countrysides.  
 
1.3.3 Situation in Singapore  
In Singapore, a design taking into account the local climate can be observed in 
traditional dwellings although they are currently very rare in the city (see Figure 1. 12). 
‘The house was raised above the ground for ventilation and termite control. The large 
roof overhang and covered verandah provided a generous shaded outdoor living 
area in front of the house. The casement windows with timber louvered sashes 
provided cross ventilation even when closed during rain (Sujarittanonta S. 1985, 
p.2).’ Similar intelligence can be found in some contemporary buildings in Singapore. 
This is evident in the Housing and Development Board (HDB) flats which house four 
out of five Singaporeans (see Figure 1. 13). The prototype of HDB flats was derived 
from Modern Movement. These blocks are characterized by long corridors and void 
decks at the first storey. Initially, the primary concern in HDB block layout design was 
to minimize the solar penetration under the tropical climate. With their short end walls 
facing the West and the East, the slab blocks can receive the minimal solar 
penetration on the vertical facades of the buildings. But not all buildings are designed 
with a climatic justification. According to Sujarittanonta (1985, p. 8), the lack of sun 
shading to window and wall, the absence of cross ventilation and inappropriate 
orientation can be easily observed in some local buildings (see Figure 1. 14). Similar 
to many other modern cities in the world, Singapore is also the displaying window for 
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modern architectures. Unfortunately, the climatic concerns are not the priority in most 
of these modern designs any more. No matter where they are located, these 
buildings purely rely on mechanical systems which consume energy to create a 
sealed inertial environment all the time.  
 
 
Figure 1. 12. Vernacular houses (Sujarittanonta S. 1985, p.3). 
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Figure 1. 14. Some buildings designed without responding to the local climate (Sujarittanonta S. 
1985, p.9 & 10). 
 
In general, Singapore is still a concrete jungle with some negative impacts on the 
urban climate. The UHI effect is observed in Singapore without any doubt. The UHI 
study was conducted as early as 1960s (Nieuwolt 1966). The maximum difference of 
3.5°C in temperature was measured between the city and the airport. From 1979 to 
1981, the Singapore Meteorological Service (MSS) conducted an islandwide survey 
in order to map out the UHI effect. The maximum temperature differences of 2.5°C 
and 4.5°C were observed on a cool day and a warm day respectively. The difference 
of around 3°C was also derived from a field measurement conducted by Tso (1996) 
in two locations which represented the rural and the urban area respectively in 1992. 
In 1994, Nichol (1994) presented UHI in Singapore through the remote sensing 
technology. Roughly over 4°C difference was observed from a satellite image of 
Singapore.  
 
The correlation between the changing climate and the energy use in buildings in 
Singapore is also obvious. The peak electrical consumption occurs in the season 
when higher temperature is experienced. The electrical demand drops in the season 
with frequent rainfall and lower temperature. On the other hand, energy consumption 
related to the building services has increased tremendously in Singapore over the 
last few decades. An example is the increase of the energy use in the households. 
From 1995 to 2001, the energy use in the households has shot up by about 70% for 
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the three-room and a third for the four- and five-room HDB flats 
(http://www.bdg.nus.edu.sg/BuildingEnergy/publication/140701Energy.html). The 





In summary, Buildings, Climate and Plants are the three indispensables in a built 
environment. Buildings replace the original plants and create urban climates which 
may trigger many environmental issues. Climate influences the typology, 
performances and energy consumption of buildings and governs distribution, 
abundance, health and functioning of plants worldwide. Plants, in return, bring many 
related benefits to buildings and generate Oasis effect under harsh urban climate. 
The three indispensables are closely linked to each other and create a unique 
Buildings-Climate-Plants system in a built environment. In view of the complicated 
nature of the interrelationships between the three indispensables, the focus of the 
study is to study the intervention of plants in the conflicts between buildings and 
climate in Singapore.  The objectives are described as follow: 
 
1. to propose a theoretical model which involves Buildings, Climate, Plants and 
take into consideration their interrelationships (Conceptive model); 
2. to quantify the thermal impacts of vegetation in the local tropical climate at 
both the macro and micro level (Background study); 
3. to predict the extents of intervention of plants on the conflict between the 
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1.5 Scope of work   
 
This thesis is an investigation of the intervention of plants in a built environment. The 
scope of work is described briefly as follows:  
 
1. The first chapter is devoted to developing an understanding of the three 
indispensables in a built environment. Not only the fundamental knowledge 
but also the situation in Singapore has been discussed in terms of the 
interrelations among Buildings, Climate and Plants. The research 
objectives are presented in the tropical climate (confining the research in 
Singapore).    
2. The second chapter presents the literature review of past research works. 
The previous researches have been divided into two major categories. The 
micro scale researches cover the impacts on the microclimate caused by 
strategically placed plants around buildings while the macro sale ones reveal 
the influences on the urban climate caused by large green spaces in cities. 
Lastly, some identified research gaps are highlighted.  
3. The third chapter proposes an important conceptual model which guides the 
researches throughout this dissertation. Based on the conceptual model, 
green sol-air temperature has been developed as the final deliverable. All 
major research methods involved in the study is explained in this chapter as 
well.  
4. Chapters 4 and 5 cover background studies carried out at both the micro 
level and the macro level in Singapore. The results are discussed according 
to the two hypotheses generated from the conceptual model.  
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5. Chapters 6, 7, and 8 focus on the new concept of Green sol-air temperature. 
The results derived from a horizontal set up and a vertical set up involved in 
the experiment are discussed in chapters 6 and 7 respectively.  Finally, the 
possible implementations of the new concept are explored in Chapter 8.  
6. Chapter 9 concludes the thesis with a look at the Green City Movement and 
its future development with respect to the results generated from the study. 
The limitation and future work are also discussed in this chapter. 
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CHAPTER 2 LITERATURE REVIEW 
 
 
Climate, buildings, and plants have been explored worldwide by many researchers 
due to their interesting interrelationships and significant mutual impacts. The general 
aim of all these studies is to evaluate the impacts of plants in different forms on 
protecting buildings or cities from the unfavorable climate and benefiting buildings 
and dwellers through energy conservation and thermal comfort. According to the 
impacts caused by plants at different scales, these studies have been carried out not 
only on a single building at micro level but also in an urban environment at macro 
level.   
 
2.1 Microclimate, buildings and strategically placed plants  
 
Firstly, vegetation has remarkable impacts on the microclimate when it is strategically 
planted around buildings. It is mainly because:  
 
1. Plants can dissipate the incident solar heat on the buildings through their 
effective shading effects; 
2. Plants can reduce the long-wave radiation exchange between the buildings 
due to a low surface temperatures created by the shading of plants;  
3. Plants can reduce the ambient air temperature through evapotranspiration. 
The conduction and convective heat gain through the buildings’ structures 
can be reduced accordingly.   
 
2.1.1 Studies focused on trees/shrubs/lawn planted around buildings 
Parker (1983) has conducted a study on the plants’ energy saving. His study involved 
the measurement of the effect of plants in reducing the surface temperature and 
cooling energy consumption in Miami, Florida. On a clear day, the peak surface 
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temperature of the wall, which was shaded by trees or shrubs, was reduced by 
13.5ºC to 15.5 ºC. The surface temperature reduction caused by the climbing vines 
was also remarkable, around 10ºC to 12ºC. The building was built on a clear site, 
where air-conditioning was required more than half of the year. Parker subsequently 
planted some shrubs and trees around the building in order to shade the walls and 
windows. The energy consumption for air-conditioners was measured with and 
without the landscape in two periods. The results indicated that after planting, the 
daily rate of the consumption was reduced from 5.56kW to 2.28kW on the hot 
summer days. The peak energy consumption during the afternoon hours was 
reduced from 8.65kW to 3.67kW. For the hot days, the energy savings exceeded fifty 
percent. But the long-term savings were around twenty five percent. 
  
Mcpherson (1988) studied the thermal impacts of plants on the residential energy 
use in the United States. Two computer simulation models, SPS and MICROPAS, 
were used to identify the effects of the irradiance and wind reductions on the energy 
performance in four U.S. cities. The data from Mcpherson’s research show that the 
irradiance reductions caused by the plants decrease the energy use for cooling in the 
hot climate but increase the energy use for heating in the cold climate. The plants 
shading on buildings can reduce the annual cooling cost by 53% to 61% and the 
peak cooling load by 32% to 49% in the hot climate. On the other hand, it increases 
the heating costs by 21% in the cold climate. It was also found that the plants 
shading on both the roof and the west wall has a significant impact on the cooling 
load while shading on the south wall and the east wall has a large influence on the 
heating load. The effects of the plants on the wind reduction are not straightforward. 
The blockage of winter wind is needed but the obstruction of sunshine in winter and 
cooling breeze in summer should be avoided.  According to Mcpherson’s work, a 
50% reduction in wind decreased the annual heating cost by 8% and increased the 
annual cooling cost by 11% in Salt Lake City. 
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Akbari (1997) did a measurement of the peak power and cooling energy savings of 
shade trees in two houses in Sacramento, CA. The seasonal cooling energy savings 
of 47% and 26% were observed respectively at two houses. The corresponding daily 
savings are 3.6kWh and 4.8kWh per day.  The peak demand savings are 0.6 and 0.8 
kW respectively. DOE-2.1E simulation programme was also used to estimate the 
energy savings but some discrepancies were found between the simulation results 
and the field measurement.   
 
Mcpherson (1998) also did a measurement of 254 residential properties in 
Sacramento, California. There was an average of 3.1 program trees for every 
property. The Annual AC saving per tree is 7.7% and 5.6% for the newer and older 
buildings respectively. The peak AC saving per tree is 2.5% and 1.9% for the newer 
and older buildings respectively. Averaged over all properties, the annual net savings 
of $10.00 and $4.00 per tree caused by the shading and the reduction of wind speed 
respectively were detected. The annual net savings caused by trees for single 
building is around $43.00. 
 
J. R. Simpson (2002) provided a simplified method for estimating the impacts of trees 
on building cooling and heating loads by reducing incident solar radiation. Based on 
a limited number of discrete tree locations to represent all possible tree azimuths and 
tree-building distances, some lookup tables and tree distributions to quantify the 
impacts of trees were developed. Simple calculation of energy consumption can be 
done through the lookup tables. The level of agreement was less than 10% deducted 
from a comparison between the lookup table results and a detailed analysis of 178 
properties in Sacramento, California. It was concluded that cooling reduction factors 
per tree were smaller than those for heating. Therefore, adding more trees for cooling 
in summer is less effective than for heating in winter. On the other hand, it is believed 
 
CHAPTER 2 LITERATURE REVIEW 
 37
that maximum impact on energy consumption can be achieved when some larger 
trees planted at west and east orientations to buildings at a distance ranged from 4.6 
to 15m.    
 
X. Picot (2003) explored impacts of tree growth on users’ thermal comfort in a newly 
built square in Milan. The author believes that vegetation should be considered a real 
tool controlling microclimatic conditions in external spaces. The effect can be 
reflected by reduced absorbed radiation by users who stand under a mature tree 
canopy. A favorable energy budget which is very close to comfort level (below 
50W/m2) can be experienced even with a relatively high air temperature. The indirect 
effect of trees can also be reflected at the points which are exposed to the direct 
sunlight all day long. Two major influences from the mature trees are their screening 
effect which reduces the diffused solar radiation absorbed by a user and their 
reflecting effect witch increases the terrestrial radiation absorbed by a user. The 
conclusion is that the use of vegetation as a tool in microclimatic control needs to 
consider the shading performance evolution of plants and eventually provide 
temporary and complementary screening solutions to users.  
 
2.1.2 Studies focused on rooftop greenery and vertical landscaping  
A. Hoyano (1988, pp. 181-199) conducted a series of experiments to measure the 
cooling effect of plants in Japan. A pergola composed of a horizontal wisteria 
sunscreen was measured with only 10%-20% of the horizontal solar radiation 
penetrated the wisteria pergola. The difference between leaf and air temperature was 
minimal. The global temperature under pergola was 7ºC lower than that at open 
ground. It was believed that a pergola composed of a horizontal plant screen which 
provided favorable thermal environment for people below.  
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A vine sunscreen designed for a south-west veranda had been measured. The 
surface temperature difference of the veranda floor with and without vine screen was 
13-15ºC while the difference between air temperatures with and without sunscreen 
was 1-3ºC. In the late afternoon, both the air temperature and the global temperature 
behind the sunscreen were higher than that without sunscreen because sunscreen 
stopped the outgoing radiation from the veranda and degraded the ventilation ability.  
 
A test was also conducted using an ivy-covered west-facing concrete wall. The 
surface temperature of the exterior wall without ivy-covered sunscreen exceeded the 
outdoor temperature by around 10ºC at 15:00 hour. For the wall with the ivy screen, 
the air temperature behind the ivy screen rose slightly. It was also found that the 
solar transmittance of the ivy sunscreen had a high inverse correlation with the 
distance between the wall and plant layer. 
 
A row of evergreens with dense canopy standing next to a west-facing wall was 
measured. Over ninety five percent of the solar radiation can be intercepted with the 
same density but different arrangement of trees. With larger planting intervals, the 
ratio of solar radiation on the wall increased. However, the range of surface 
temperature distribution on the wall was not very wide. The experiment indicated that 
the temperature of surfaces exposed to sunlight was 3ºC higher than that of the 
shaded parts. The leaf temperature at the side received increased solar radiation 
while shaded parts retained almost the same temperature as the air. With a narrow 
distance between planting rows and the wall, the air layers tend to stagnate. As a 
result, the temperature of in-between air layers was lower than air temperatures in 
the morning and higher than in the afternoon. 
 
Finally, a control experiment was conducted on a rooftop using mock-ups of two turf-
planting layers and a bare soil layer. It indicated that the solar radiation reflectance 
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for turf was constant at 22-26% of the incident radiation. It was also believed the turf 
surface-air temperature difference was very much governed by the solar radiation. 
But a negative correlation was found between the turf surface-air temperature 
difference and the wind speed. The daily variation ranges of the soil under the turf 
were smaller than those without any plants.  
 
Harazono (1990/91) developed a vegetation system to investigate the thermal effect 
of plants on a rooftop. The measurement was conducted around one year on top of a 
building at the height of 16m above ground level at the University of Osaka. In the 
summer, a notable increase in the absolute humidity was observed above the 
planted section. The air temperatures, measured at a height of 1m, were different 
between the planted and the control section. The temperature above the planted 
section was lower than that of the control section by approximately 2ºC. In winter, 
there was no clear difference in the humidity and temperature between the planted 
and control section. In summer, the surface temperature of the rooftop surface 
without vegetation rose to around 60ºC on the clear days, while the peak surface 
temperature under the plants was around 35ºC only. The difference of the indoor 
temperatures under the planted and control section was around 2 to 3ºC. In winter, 
the surface temperature of the control rooftop rose to over 30ºC, but the surface 
temperature under the plants remained constantly at around 11ºC. The indoor 
temperature under the plants was 0.5 to 1ºC lower than that of the control part. The 
data were also used to calculate the heat flux through the structure. The heat flux 
through the structure with the plants was generally small, while it was large in the 
control part throughout the day. The whole vegetation system (including vegetation 
and substrate) seemed to be a good insulation layer for the rooftop. 
 
E. P. D. Barrio (1998) simulated the dynamic thermal behavior of green roofs. The 
cooling impacts of green roofs in summer time were analyzed through the results 
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obtained from the mathematical model. It is believed that green roofs work as 
insulation layers rather than cooling devices. Some critical parameters which 
influence the performances of green roofs are the leaf area index, foliage geometrical 
characteristics, soil density, soil thickness and soil moisture. E.g. increasing LAI from 
2 to 5 can decrease solar transmittance dramatically and increase the foliage 
temperature during daytime. However, LAI has little effect on the canopy air state.  
 
To explore the cooling effect of greenery covering over a building, four concrete roof 
models with different coverings (bare concrete, soil layer, soil layer with turf, and soil 
layer with ivy) were made by Takakura (2000) at the University of Tokyo. It seems 
that the greenery cover had an effective cooling impact on the internal air 
temperature. The inside air temperatures were unfluctuating for the concrete model 
with the ivy layer. It ranged from around 24ºC to 31ºC throughout the day. On the 
other hand, the inside air temperature under the bare concrete layer reached almost 
40ºC during the daytime and dropped below 20ºC at night.  Takakura also measured 
the heat flow through unit surface areas for four concrete models. For the concrete 
surface, greater heat was gained inside during the daytime. With soil or greenery 
cover, the heat was lost from the inside to outside during the daytime. Due to 
evapotranspiration, the concrete roof with the plants lost more heat than the model 
with the soil layer during the daytime. Moreover, with the increase in Leaf Area Index, 
the plants brought about greater heat loss. Takakura believed that the plants with 
larger LAI can effectively cool the building and result in a lower cooling load due to 
the evaporation effect of the plants. A simulation model was used to calculate the 
cooling load of the concrete model. There was a good agreement between the 
measured and the simulated value.   
 
Onmura (2001) explored the evaporative cooling effect of roof lawn garden through a 
field measurement and a wind tunnel test. The surface temperature of the roof slab 
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was reduced by 30ºC due to the lawn garden during day time. The solar absorptivity 
of the lawn was around 0.78. The thermal production incurred by lawn equivalents to 
50% reduction in heat flux into the building.  The evaporation rates of lawn samples 
generated from the wind tunnel test ranged from 0.1059kg/m2h to 0.313kg/m2h. A 
simple transport model of heat and moisture was proposed through the results 
generated from the wind tunnel test and the calculated results were in fairly good 
agreement with the data derived from the field measurement.   
 
The direct and the indirect thermal impact of a rooftop garden under the tropical 
climate were investigated by Wong (2003) through a field measurement conducted in 
Singapore. It indicated that, with the shading of the plants, the surface temperatures 
measured under different kinds of vegetation were much lower than that measured 
on the hard surface. The maximum temperature difference caused by plants was 
around 30ºC. The temperature measured under vegetation varied according to the 
density (LAI) of the plants. Normally, the lower temperatures were measured under 
the thick foliage while the higher temperatures were obtained under the sparse one 
or only the soil. The heat transfer through the bare roof was greater than that through 
the planted roof and the roof with only the soil. Compared to the bare roof, 78% less 
heat gain was observed on the planted roof. The cooling effect of plants was also 
confirmed by the ambient air temperatures measured at the different heights. The 
maximum temperature difference of 4.2ºC was detected with and without the plants 
on the spot. Less long wave radiation emitted from the planted roof was confirmed 
through a comparison of the global temperatures and MRTs measured on site. 
Maximum differences of the global temperature and the MRT were 4.05ºC and 4.5ºC 
respectively just after the sunset.  
 
Theodore G. Theodosiou (2003) did a parametric study in order to evaluate the main 
planted roof characteristics that affect the performance of a planted roof as a passive 
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cooling technique. His results were validated by the real data taken from an existing 
construction in the Mediterranean area. It was found that the influence from the soil 
layer thickness is not obvious from the total heat flux for the whole summer period. 
The most important parameter is still the foliage density (LAI values). The foliage 
height cannot really influence the performance much unless it couples with the 
density of the vegetation layer. The role of the insulation layer thickness was also 
evaluated. It was found that the absence of the insulation layer can ensure the heat 
flux from relatively hot interior air to the cooler gardening layers. On the other hand, 
higher insulation levels blur the cooling capabilities of planted roofs easily. Two 
climatic factors, relative humidity and wind speed, are considered important. It is 
believed that a dry and windy environment enhances evaportranspiration and cooling 
capabilities of planted roofs. 
 
Holm (1989) adapted the DEROB (dynamic energy response of buildings) hourly 
computer program to simulate the thermal effect of a deciduous and an evergreen 
vegetation on an exterior wall. A standard building in South Africa was chosen as the 
place where the different thermal conditions with and without the climbing plants was 
observed. Without the plants, the indoor temperature was at least 2K above the 
outdoor temperature during the daytime, and it dropped below 18ºC at night. With the 
climbing plants, the indoor temperature was lowered by 5K and was slightly raised at 
night. With the leaf cover, there was an improvement of the indoor thermal condition. 
Also, the indoor temperature was within the standard comfort temperature range. 
This computer model was also applied to various building orientations, climates, 
seasons and building masses in South Africa. 
 
Friz Wilmers (1990) conducted a measurement of some infrared temperatures in 
Hannover. His measurement indicated that some planted surfaces showed 
considerably different temperatures from other surfaces. During two sunny days, the 
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air temperature ranged from 8ºC to 19ºC. The surface temperatures in a garden court 
were measured on two concrete walls, which were facing south and west 
respectively. Both walls were partly covered with climbing plants. In the morning, the 
temperatures of the two walls were similar and relatively higher than the air 
temperature. The vegetation temperature, however, was below the air temperature. 
In the early afternoon, the south wall with the plants was warmer than the air 
temperature, but 10K below the temperature of the exposed south wall.  The 
temperature of the shaded west wall was 20K lower than the south wall. In the 
evening, the temperature of the west wall was a slight higher than that of the south 
wall when the temperature of the vegetation was similar to the air temperature. 
 
G. Papadakis et al. (2001) conducted a measurement to explore the ability of trees 
on vertical solar control for building facades in Greece. The results have shown that 
nearly 70% to 85% of the incoming solar radiation can be intercepted by the dense 
trees before reaching the façade. The ambient air temperature behind shaded area 
and the surface temperature of the shaded facades were relatively lower than those 
without trees. Therefore, the radiactive and thermal loads were significantly lower on 
the shaded walls. It was confirmed that plants can be used as an effective passive 
system for solar control of buildings. 
 
W. J. Stec, et al. (2005) conducted some laboratory tests on the thermal performance 
of a double skin façade with plants. A numerical simulation was subsequently 
developed and validated with the data derived from the laboratory tests. It is believed 
that plants can provide more effective shading effect compared to blinds. For the 
same incident solar radiation, the temperature of plants was roughly half of that of 
blinds. Around 20% cooling capacity can be saved due to the introduction of plants. 
On the other hand, the introduction of plants may require more heating energy 
compared to the system with blinds although it was quantitatively reflected in the 
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research. In a warm period the operation time of ventilation in a natural ventilated 
building can be reduced while it is increased in a cold period.      
 
2.2 Urban climate, city and city green spaces  
 
It seems that trees and strategically placed vegetation on buildings can effectively 
moderate the microclimate. But their effects are limited to a small scale. Large urban 
green spaces can extend the positive effects to the surrounding built environment. 
Therefore, the role of green areas in moderating an urban climate has been explored. 
The studies can be roughly divided into three categories.  
 
2.2.1 Studies focused on meteorological data and satellite images at macro level  
Based on some satellite images, Kawahsima (1990/91) studied the effect of the 
density of greenery on surface temperatures in both urban and rural areas of Tokyo. 
According to his observation, lower surface temperature was generally observed in 
green areas while higher temperatures were found on the soil and the buildings 
during the daytime. However, the effect of vegetation on reducing surface 
temperature in the urban area was relatively smaller than that in the suburbs. In the 
urban area, the surface temperature ranged from 1.4 to 2.7ºC on the green area 
while it ranged from 2.0ºC to 3.4ºC on the buildings and 2.3ºC to 4.9ºC on the soil. In 
the countryside, the surface temperature ranged from 2.6ºC to 2.8ºC in the forests 
while it ranged from 3.3ºC to 4.2ºC for the buildings and 5.1ºC to 5.9ºC for the soil.  
At night, the lower surface temperature was observed in the green areas in the urban 
environment while the higher surface temperature was found on the forests in the 
suburbs. The daily variation of the surface temperatures was small for the buildings 
and large for the planted areas in the urban environment while it was small for both 
the built environment and the forests in the suburbs. 
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To investigate the thermal effect of green areas in Kumamoto City in Japan, Saito 
(1990/91) conducted a series of field measurements in summer. The investigated 
areas included the Kumamoto City and two small areas within the city. Some 
meteorological data were measured on foot or by automobiles and airplane. The field 
measurement indicated that the air temperature in the suburb was 3ºC (daytime) and 
2ºC (night) lower respectively than that in the city. The high temperature regions 
were found in the dense built environment. On the other hand, the higher the ratio of 
the green area, the lower the air temperature. Even a small green area (60m x 40m) 
had shown a remarkable cooling effect. The maximum difference between inside and 
outside of the small green area was 3ºC. It indicated that the green area, regardless 
of the size, can effectively improve the thermal environment in the city.  
 
Nichol (1996) investigated the nature and the role of remotely sensed surface heat 
islands in Singapore. The cooling effects of green areas on the central business 
district and the housing developments were studied based on using the high-
resolution thermal data obtained from Landsat’s thermatic mapper. The mean 
surface temperatures were 32.9ºC, 35.6ºC, and 40.7ºC for the tree canopies, grass 
and concrete surfaces respectively. The lowest temperature, around 28.7ºC, was 
detected under the tree canopies. It was also found through a field measurement that 
a temperature difference of 1.5ºC to 2ºC occurred between the tree canopies and the 
surrounding areas. Nichol believed that this small difference would affect the human 
comfort in a hot and humid climate. There were, however, no significant cooling 
effects observed for the grassy surfaces. 
 
2.2.2 Studies focused on in-depth field measurements at macro level 
Ca (1998) did some field measurements to determine the cooling influence of a park 
on the surrounding area in the Tama New Town, a city in the west of Tokyo. The 
observations indicated that the park can alter the climate in the town. The surface 
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temperatures measured on the grass field in the park was much lower than those 
measured on the asphalt and the concrete surfaces. Simultaneously, the air 
temperature measured at 1.2m above the grass land was more than 2 oC lower than 
those measured above the hard surfaces in the commercial and the parking area. 
With the size of 0.6km2 , the park can reduce the air temperature by up to 1.5 oC  at 
noon in a leeward commercial area at a distance of 1km. Energy reservation was 
calculated as well in this study. It was estimated that 4000KWh of the electricity for 
the cooling can be saved within one hour from 1300 to 1400 hr.  
 
A series of energy balance measurements were made by Victor (1999) in a naturally 
vegetated area in the south of Mexico City. The results indicated that the net 
radiation was mainly dissipated by the sensible heat during a dry season, whereas, it 
was mainly dissipated by the latent heat during a wet season. The calculated Bowen 
ratios were 1.92 and 0.04 for the dry and the wet seasons respectively. The seasonal 
differences were probably caused by the water availability and the plant phenology. 
This study indicates that the change of energy balance in a vegetated area may not 
always have positive impact on the surroundings. In other words, the planted area 
may not have great cooling effect on the surroundings during a dry season due to the 
lack of sufficient evapotranspiration.   
 
A one-year comparison was made by Sonne (2000) between a forested nature park, 
a residential development with extensive plants and a residential development with 
very few trees at three Melbourne, Florida sites. The results showed clearly that the 
temperatures obtained in the park were constantly lower than the rest of the two 
residential developments and the temperatures measured within the development 
with extensive planting were constantly lower than the one with very few trees during 
the summer time.      
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2.2.3 Studies focused on numerical calculation to predict the thermal benefits of 
green areas in cities  
Honjo (1990/91) used a numerical model to estimate the thermal effect of green 
areas on their surroundings. It indicated that the cooling range of an influenced area 
was based on the size of the green areas and the interval between them. The range 
of the influenced area was around 300m when the size of the green area was 100m. 
However, the range of the influenced area was no more than 400m when the green 
area reached 400m. The optimum range of the cooling effect was achieved when the 
distance between green areas was set more than 300m. According to the above 
calculation, it can be concluded that the smaller green areas with sufficient intervals 
are preferred for the cooling of the surroundings. 
 
Based on a mesoscale atmospheric model, the potential effect of vegetation on the 
urban thermal environment has been examined by Avissar (1996). It indicated that 
the vegetation can play an important role in changing the wind pattern, temperature, 
moisture, and precipitation in the urban area. If planned properly, the author believes 
that plants can mitigate some of the anthropogenic effects generated by buildings in 
cities.   
 
Eleven small urban green sites with trees were investigated by Shashua-Bar (2000) 
in the Tel-Aviv, Israel. An empirical model was developed based on the statistical 
analysis of the field measurement carried out in these eleven sites. The main 
purpose of the model was to predict the cooling effect inside the wooded sites. The 
partial shaded area under the tree canopy and the air temperature of the 
surroundings of sites were identified to be two major factors which can explain the 
fluctuation of the air temperature inside the vegetated sites. Besides shading, it was 
found that the geometry and the tree characteristics have limited cooling effect on 
these sites. The cooling effects of the small sites in this study were estimated to be 
 
CHAPTER 2 LITERATURE REVIEW 
 48
perceivable around 100m in the surrounding streets branching out from the 
vegetated areas. Subsequently, an analytical model, the Green CTTC (cluster 
thermal time constant) one, was developed by the author (2002) to predict diurnal air 
temperatures inside an urban wooded location. The simulated results can fit well with 
the data collected from the previous field measurements conducted in eleven small 
urban wooded sites in the Tel-Aviv metropolitan area.  The author believes that the 
Green CTTC model can be applied to the cases of lawns and groves. More 
importantly, the model is considered a good tool in assessing the climatic effect of 
greenery in a built environment. It was estimated by the model that the cooling effect 
of the small green sites is perceivable in the streets with a diameter of 100m. 
Through the empirical model (Shashua-Bar 2003), it is believed that the orientation 
and geometry effects of a canyon-type street are greatly minimized by shade trees 
planted. The cooling effect mainly depends on the amount and extent of the partial 
shaded area. Furthermore, sensitivity analysis on the thermal impact of cluster 
deepening, albedo modification, and orientation in the presence of shade trees was 
done (Shashua-Bar 2004) by use of the model. The estimated combined cooling 
effect of the three factors is about 4.5K at midday in summer in the Mediterranean 
coastal region.     
 
Brad (2002) explored the role of green roofs on mitigation the UHI effect in Toronto. 
The Mesoscale Community Compressible (MC2) model was employed in the study. 
In the simulation of the UHI in Toronto, 0.5 oC temperature reduction was observed 
when 5% of the total area of the city was replaced with green roofs. The impact of the 
green roofs in a high density area is even more pronounced. Temperatures across 
the city were reduced by between 1 to 2 oC.  
 
The thermal impact of vegetation in the urban environment has been explored by 
Centre for Renewable Energy Sources (CRES) in Greece. The work (Dimoudi & 
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Nikolopoulou, 2003) was done by simulating vegetation through the basic physiology 
of the plant and simulating the effect of a park by use of CFD. The results showed 
that the urban green areas can improve the urban microclimate and mitigate the UHI 
effect by reducing the ambient temperature. The low-temperature zone was found 
not only within the vegetated area but also its surrounds, especially the leeward side 
of it. The researchers believed that increasing the green area in a built environment 




There are many related researches carried out at both micro scale and macro scale 
worldwide. At micro level, most researches related to energy saving were carried out 
in the United States with looking into the impacts of trees over buildings (Parker 1983, 
Mcpherson 1988 & 1998, Akbari 1997, Simpson 2002). It indicates that energy 
conservation caused by trees is the major concern in the United States where low-
rise buildings can benefit a lot from surrounding trees. On the other hand, plants 
strategically introduced into buildings were mostly explored in the countries 
employing high density development strategy, such as Japan (Hoyano 1988, 
Harazono 1990, Takakura 2000, Onmura 2001). It is understandable due to limited 
land and massive hard surfaces in these cities.  At macro scale, many big cities, such 
as Tokyo, Mexico City, Singapore, were explored to capture the role of green areas 
at city level. Meanwhile, some micro strategies, such as rooftop gardens above 
buildings, were also studied at a large scale to describe their macro impacts. Both 
micro scale and macro scale researches share some similar methodologies, such as 
field measurements and simulations. However, some methodologies, such as 
satellite images, meteorological data analysis, mobile survey, are applicable to macro 
scale studies only. Researches carried out at both micro scale and macro scale are 
of equally important in terms of describing the role of greenery in a built environment.  
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The thermal benefits of plants have been widely acknowledged although they vary 
according to scale of greenery, surrounding environment, and geographical location. 
The hard surfaces can adapt and respond well to the local climate as long as plants 
are introduced, be it for a building or built environment. The conflicts between 
buildings and local climate are mitigated by the interventions of plants. Singapore is a 
garden city as well as a concrete jungle where utilizing the tangible benefits brought 
by plants are possible and necessary. To mitigate the UHI effect, promote energy 
conservation and create favorable thermal condition in the tropical climate, plants are 
considered a good passive mean. However, all the tangible benefits should be 
translated into quantitative data which are considered to be insufficient in the tropical 
climate. On the other hand, some simplified prediction methods are also needed to 
help local designers or planner to evaluate the effect of strategically-placed plants 
around buildings.   
 
After a comprehensive review of the works done by other researchers and the 
possible limitations in Singapore, the author would like to address two major 
knowledge gaps in this study. Some quantitative background knowledge related to 
the positive role of greenery in Singapore is the first one. It will be filled up by 
providing the quantitative data which are collected from field measurements, surveys, 
experiments, and simulations conducted at both macro level and micro level in 
Singapore. The aim is to obtain a complete image of the intervention of plants in the 
tropical city. The second gap is the lack of a calculation method which can be used to 
estimate the climatic effect of the plants in the tropical climate at the micro level. 
Although some general models (Jones 1992; Ong 1996) were developed, they 
cannot be applied to the tropical climate directly due to the lack of local empirical 
data. Therefore, some empirical data generated from the experiment conducted in 
Singapore are necessary. The aim is to predict the thermal benefits of strategically 
placed plants around buildings in the tropical climate in Singapore.
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CHAPTER 3 METHODOLOGY 
 
3.1 Conceptual model  
 
The term ‘built environment’ is not confined to only architecture and buildings but also 
includes their surrounding environments. From an ecological point of view, buildings 
are only the man-made sub-systems that interact with their surroundings in a 
complex manner. To understand and simplify the complexity, Ken Yeang (1995 p.96) 
developed a model to interpret the interrelationships among physical and biological 
constituents in an ecosystem (see Figure 3. 1). In this model, it is obvious that 
structures and buildings are the integrated part of human communities which interact 
with not only animal and plants communities but also climate, geology, soils and 
hydrologic processes. With less interference from human communities, especially the 
structures and buildings, the whole system inclines to be a natural one which can 
self-maintain and create an inner balance easily. Otherwise the system becomes 
unstable when the impacts caused by buildings are not easily balanced within it. To 
make the man-made system work, great amount of natural resources should be input 
from the environment while similar amount of waste should be returned back to the 
environment ultimately. The continuous input-output process poses many 
environmental issues.  
 
A more complicated model (see Figure 3. 2) describes the complex web of the 
interrelationships in a built environment through adopting models of development, 
management and planning. Compared to the natural system, plants communities, 
climate, atmospheric makeup, water quality and other biological components are 
modified greatly within the physical dimensions of urban areas. An understanding of 
the modifications, therefore, is the premise to build up a harmony within a built 
environment and come up with a successful management.  
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The above two models highlight the role of buildings in both an ecosystem and a built 
environment. To acquire a complete perspective, it is essential to analyze a designed 
system (buildings) and its environment through involving variables as many as 
possible. However, it is not easy to manage an urban space with considering every 
particular aspect presented in the above macro models since “…many of the earth's 
ecological systems and processes are too complex to be quantified and represented 
in total (Yeang 1995, p.2).” According to Yeang (1995, p.73), the crucial task in any 
theory building is to pick the right variables to be included. Therefore, it is realistic to 
present briefly and simply a range of key components involved and discuss how 
much interactions/impacts affect the rooted system.  
 
Before any key component or model is identified, it is necessary to define the 
research background where the component or the model is deducted. It should 
actually make the environmental issues related to buildings of prime importance. The 
increasing concern for environmental impacts of buildings and the quality of their 
internal environments are believed to be motivation of picking up the key components 
and making the conceptual model. The proposed model therefore is to be placed 
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Figure 3. 1. Interactions within the ecosystem (Ken Yeang, 1995 p.96). 
 
 
Figure 3. 2. The built environment: A general Model (Maf Smith, et al., 1998 p. 5). 
 
Vitruvian tripartite model (see Figure 3. 3) is probably the earliest environmental 
model in Architecture. The model simply describes the fundamental relationships 
between climate, comfort and architecture. Without much energy consumption 
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involved to create a favorite internal environment, the model highlighted the nature of 
environmental control through buildings themselves. The fabric of buildings has been 
utilized to mediate the external and internal environments. The model shines as the 
prototype of the climate responsive design which respects local climate and 
emphasizes the importance of building design in terms of façade materials, 
orientations, and so on. However, the lack of consideration of natural forces, like 
landscape, terrestrial heat, is the shortcoming of the model.     
 
The Vitruvian model was gradually replaced by Olgyay (1963) model (see Figure 3. 4) 
when the function of ‘technology’ which consumes energy to create a suitable 
internal environment was taken into consideration. The model also takes into account 
the functions of ‘biology’ as well as ‘climatology’. In general, the model suggests that 
an architectural design with respect to ‘climatology’ and ‘biology’ is the fundamental 
consideration while ‘technology’ is the complementary component which should take 
effect in the final stage of the mediation. Unfortunately, the mechanical heating or 
cooling seems to be the most direct way to achieve a ‘comfort’ indoor environment at 
any given situation. The emphasis has been placed on technology (energy 
consumption) rather than biology and climatology in most modern buildings. 
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Figure 3. 4. Model of environmental process (Adapted from Olgyay 1963). 
 
It is clear that there are many conceptual models which can guide architectural 
design from the environmental control perspective. They all share the same goal that 
is to reduce environmental impacts caused by buildings and to provide for human 
well-being. Both Vitruvian tripartite model and Olgyay model are good in terms of the 
holistic orientation of environmental design. However, these general models ignore 
some specific components, like plants. It is essential to build up the specific models 
which can be the subset of the general ones. The aim is to promote the use of 
particular passive climate control method rather than rely on active systems which 
consume finite natural resources. Both the general and the specific models should be 
considered as integral parts of the environmental framework. 
 
Building, climate and Plants are picked up carefully as the key components in this 
study. Building and climate are the common components which appear in the general 
models. These two components are always included in the general models because 
of the long-term and persistent emphasis on climate control through building designs. 
Plants, however, is believed to be the effective passive method which has been 
discussed extensively in chapter one. Compiling the three key components into a 
specific model is meaningful in promoting the passive climate control caused by 
plants in a built environment. The interactions among the three key components are 
presented in the model shown in Figure 3. 5. The constituent parts of the model are 
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the three key components and selected interactions (PB, PC, BC and CB). 
Components with the solid circles indicate their relatively stable conditions while that 
with the dashed circle shows its potential variation in a built environment. PB is the 
amount of vegetation introduced into a built environment. It can be enforced when 
more greenery is introduced into the built environment, such as the reservation of 
natural planted area, urban landscaping and strategically introducing plants into 
buildings. PC is the ability of plants to control the climate. BC and CB are the 
interactions between climate and buildings. They can be interpreted as the mutual 
influences, such as the alterations in urban climate caused by cities, the impacts of 
local climate on the pattern of energy consumption in buildings and so forth. The 
return impacts from climate and buildings towards plants are ignored in the model 
since the focus is on the built environment rather than botanic part.  
 
 
Figure 3. 5. Model of environment (plants is considered to be the major component of 
environmental control). 
 
Based on the model, two fundamental hypotheses can be generated:  
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PB↓ → PC↓ → BC ↑ + CB ↑  Hypothesis 2
 
Where  
PB = the amount of vegetation introduced into a built environment  
(↑ increase & ↓ decrease) 
PC = the impact of vegetation over climate control  
(↑ increase & ↓ decrease) 
BC = the negative impact caused by buildings on the urban climate  
(↑ increased & ↓ decrease)   
CB = the negative climatic influence on buildings  
(↑ increase & ↓ decrease) 
 
The two hypotheses basically indicate that the more intervention upon climate and 
buildings caused by plants, the less negative interactions occurred among them and 
vice versa. For a clearer picture, the two hypotheses are illustrated in Figure 3. 6. 
The shaded area represents the conflicts between climate and buildings. When 
climate and buildings are largely intervened by plants, the overlapped shaded area 
between them is small which means less conflicts occur or less energy may be 
consumed to mitigate the conflicts (see type I). On the other hand, the shaded area is 
expanded when the influence of plants is less on climate and buildings. It indicates 
more possible conflicts or more energy used for mitigating the negative effects (see 
type II).   
 
 




(I) Hypothesis 1 
 
 
(II) Hypothesis 2 
Figure 3. 6. Graphical interpretation of the two hypotheses (shaded areas indicate the intensity of 
the conflict between the climate and buildings in a built environment). 
 
The intervention by plants is very much related to the amount of plants introduced 
into buildings as well as the corresponding climate control ability. An optimal solution 
is that the strongest intervention by plants results in minimal impacts between 
buildings and climate. However, it is not realistic in a built environment where great 
amount of plants are being replaced by enormous constructions. A balanced city 
environment, therefore, should be created with maximum intervention by plants and 
tolerable conflict between climate and buildings (see Figure 3. 7).       
 
Climate Buildings  
Plants 
Climate Buildings  
Plants 
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Figure 3. 7. Balanced built environment. 
 
In conclusion, the Plants-Climate-Buildings model is not a brand-new one but the 
sub-set of the traditional environmental models. It highlights the role of greenery, as 
the effective passive climatic control means, in a built environment. The specific 
model can guide greening of cities at both macro and micro scales from climate 
control point of view.    
 
3.2 Background studies  
 
The Plants-Climate-Buildings model is only a conceptual one and its reliability needs 
to be verified in a real built environment. A series of studies, therefore, were carried 
out in Singapore. It is essentially a case study carried out in the tropical country, 
because:  
 
• Singapore is a highly developed city which employs high-rise and high-
density housing strategy;  
• Singapore is a garden city with great amount of greenery and a potential for 
strategically introducing plants into buildings; 
• Singapore has a typical tropical climate; 
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• Singapore experienced the rapid change of the land use during the last few 
decades;    
• The climatic alteration caused by buildings in Singapore is obvious. The 
phenomena of Urban Heat Island (UHI) has been proven;  
• Local climate has great impacts on buildings in terms of the design and 
energy consumption. 
 
The aims of the studies are:  
 
• to verify the Plants-Climate-Buildings model, especially the two hypotheses 
generated from the model;  
• to quantify the interactions defined in the model. 
 
The studies were carried out at both the micro and the macro levels in order to 
uncover the intervention by plants in the built environment. Plants can have great 
impacts on the microclimate. The accumulative variation on the microclimate is also 
translatable into impacts at macro level. Therefore, the intervention by plants is 
explored at the two different levels with the following methods:  
 
1. Satellite images – It can provide an objective methodology for the 
assessment of the interactions between the city and the climate at the macro 
level. The surface temperatures of various regions throughout Singapore can 
be mapped out. The problematic area can be noted and selected for further 
investigation.    
2. Historical weather data – they are good information for analyzing the variation 
of the urban climate during the last ten to twenty years in Singapore.  With the 
help of the historical satellite images, they can also be used to analyze the 
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variation of the microclimate incurred by the change of the land use at some 
particular locations.   
3. Mobile survey – It is conducted by the vehicles equipped with the measuring 
equipment. Compared to the satellite images, the mobile survey can provide 
more accurate climatic data. It can also cover a big area within the certain 
time limits. Therefore, it is used for accessing the climatic condition of 
Singapore at the macro level.  
4. Field measurement – it is a common methodology which is used after some 
problematic or interesting objects have been targeted. In this study, the 
thermal effects of strategically placed plants on buildings, the climatic impacts 
of the big city greens on the surrounds, the comparisons between a well 
planted area and an area without sufficient planting are the targets of the field 
measurements. 
5. Control experiment – the cooling impacts of plants are not really quantitatively 
linked to Leaf Area Index, which may govern the performance of vegetation 
on the microclimate, through previous methodologies. Therefore, a control 
experiment is employed to explore the correlation between the different Leave 
Area Index and the corresponding thermal impacts at the micro level. The 
control experiment in the background studies is the pilot test of a 
comprehensive experiment which is designed for obtaining complete 
empirical data and predicting thermal performances of the plants with different 
LAI values later on.    
6. Computational analysis – computer simulations can complement the field 
measurements and the experiment. In this study, the stimulations can be 
used to predict the effect of plants on both the local climate and the buildings. 
Another significant function of the simulation tools is to link the benefits of 
plants to the energy conservation pattern in the buildings. 
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In conclusion, carrying out the background studies are only the interim process of this 
research. The aim is not only to testify the conceptual model but also obtain some 
quantitative data which can guide the following study.    
 
3.3 Final deliverable   
 
The application of the Plants-Climate-Buildings model is decided more or less by the 
final deliveries which are derived from the model. The deliveries should reflect 
functions of climate, buildings and plants simultaneously. Therefore, a new concept is 
developed according to the Plants-Climate-Buildings model.   
 
3.3.1 Sol-air temperature  
The concept of sol-air temperature was originally developed by Mackey & Wright 
(1946) who combined the convective and radiative heat transfers occurred at an 
external surface into a single equivalent temperature. The concept has been further 
reported in several books and periodicals subsequently (Aronin 1953, Olgyay 1963, 
Egan 1975, Szokolay 1982, Givoni 1969 &1998). The concept is believed to be a 
significant development towards the simplification of the calculation of periodic heat 
flow through building structures. The thermal behavior of any given building section 
can be predicted according to the climatic conditions where the structure is built.    
 
According to Rao (1977, p.44), the Sol-air temperature was defined as follows:  
 
The temperature of the outdoor air which in contact with the shaded 
surface of any building material that does not directly transmit solar 
radiation (opaque) would give the same rate of heat transfer and the 
same temperature distribution through the material as exist with the 
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actual outdoor air temperature and solar radiation incident upon the sunlit 
surface. 
   
There are actually three parts which constitute sol-air temperature.  They are 1. 
ambient air temperature; 2. equivalent temperature increase caused by absorbed 
incident solar radiation; and 3. equivalent temperature increase/decrease caused by 
temperature radiation exchange between the surface and its surroundings. Based on 
the above three parts, sol-air temperature equation is expressed as follows:  
 




tsa = Sol-air temperature 
ta = Ambient air temperature 
α = Absorptivity of external surface 
I = Intensity of total incident solar radiation on the surface 
ho = Overall external surface coefficient  
tr = Mean radiation temperature of the surrounds 
hr = External radiative surface coefficient  
 
There are further simplifications made for estimating the overall external surface 
coefficient (ho) and the equivalent temperature increase/decrease caused by 
temperature radiation exchange between the surface and its surroundings.  
 
Firstly, it is believed that the overall external surface coefficient (ho) is governed 
mainly by the wind speed and surface roughness (Walton 1981, Givoni 1998) and the 
equation is as follows:  
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ho = A0 + A1V + A2V2 
Where 
V = Wind speed 
 
Eqn. 2 
A0 ,A1, A2  can be found from Table 3. 1 
Table 3. 1. Velocity Coefficients Based on Roughness Index (Walton 1981). 
 
 
For design purposes, a value of 20W/m2C is suggested for the overall external 
surface coefficient by Givoni (1998, p.76).  
 
As for the equivalent temperature increase or decrease caused by temperature 
radiation exchange between the surface and its surroundings, the ASHRAE 
Handbook (1993) presents a simplified method. Based on this method, the entire 
long-wave heat exchange is estimated at -3.9°C (Givoni suggested -4°C in a humid 
climate with a clear sky) for horizontal surfaces and 0° C for vertical surfaces. It is 
believed that the long-wave heat emitted by walls is approximately balanced by the 
long-wave heat received by them from the ground.   
 
In conclusion, sol-air temperature is a very good concept which can be calculated 
from meteorological data together with absorptivity and emissivity of outdoor surface 
finish. The concept is still being used in the calculation for estimating periodic heat 
flow through building structures. Some building regulations, such as ETTV, employed 
similar concept for setting up design criteria.  
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3.3.2 Green sol-air temperature  
It is not easy to predict the thermal benefits of greenery around building structures 
since it involves the complications of building materials, climatic conditions and most 
challenging, plants themselves. Sol-air temperature is a good starting point here, 
because:  
 
1. It is a simplification of the analysis of periodic heat flow through constructions 
(both roof and walls); 
2. It can be calculated to a fair degree of accuracy from the meteorological data 
together with the absorptivity and emissivity of the outdoor surface finish;  
3. It makes possible the separation of outside climatic factors from the bulk 
thermal characteristics of building sections; 
4. It is possible to predict the thermal behaviour of any given building section 
under different climatic conditions;  
5. It is possible to take the characteristics of plants into consideration. 
 
The sol-air temperature concept can be adopted into the proposed conceptual model. 
It helps to interpret the model quantitatively (See Figure 3. 8). With respect to climatic 
parameters and properties of building materials, the conflict between Climate and 
Buildings (CB + BC) can be represented by tsa which further contributes to the 
estimation of energy consumption by the use of ETTV for example. However, there is 
a lack of linkage between sol-air temperature and plants-related items, such as PC 
and PB.   
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Figure 3. 8. The integration of sol-air temperature and the conceptual model. 
 
A new concept should indeed be developed to fill the gap. Such a new concept 
should be based on sol-air temperature and simultaneously extended to intervention 
by plants. Based on sol-air temperature, green sol-air temperature is developed by 
the author who defines the concept as follows:  
 
The temperature of the outdoor air which in contact with the shaded 
surface of any building material that does not directly transmit solar 
radiation (opaque) would give the same rate of heat transfer and the 
same temperature distribution through the material as exist with the 
protected outdoor air temperature and intercepted solar radiation 
incident upon the surface below/behind plants. 
   
Similarly, the new concept consists of three parts as follows:  
 

















Properties of building materials 
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2. Equivalent temperature increase caused by absorbed incident solar radiation 
through foliage;   
3. Equivalent temperature increase/decrease caused by temperature radiation 
exchange between the leaf surface and its surroundings.  
 
To work out green sol-air temperature, three unknowns should be considered 
besides the parameters involved in sol-air temperature. They are:  
 
• Intercepted incident solar radiation 
• Temperature of bound air within foliage 
• Surface temperature of leaves 
 
The intercepted incident solar radiation can be calculated through the established 
first principle. The incident radiation on the plants can be separated into direct and 
diffuse radiation. Figure 3. 9 shows beam penetrates plants canopy (horizontal-
leaved and vertical-leaved canopies) at a solar elevation of 66° according to the 
famous exponential relation for light attenuation (Beer’s Law). The pattern of 
radiation attenuation is similar to Beer’s law. But in real canopies, leaves with 
different angles and different solar elevations should be considered. Therefore the 
radiative transfer model assumes that foliage is randomly distributed in space and 
the sun is a point source. The probability of direct radiation penetration is calculated 
using a Poisson distribution (see Eqn. 3).  
 
I = I0e-kL  Eqn. 3 
Where 
I = Intercepted radiation 
I0 = Incident solar radiation 
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k = Extinction Coefficient 
L = Leaf Area Index (LAI) 
 
The extinction coefficient (k) has been found to vary from about 0.3 to 1.5 depending 
on several factors such as species, leaf angle distribution, leaf transparency, stand 
type and so on. Currently, empirical k is suggested for different types of plants (see 
Table 3. 2).  
 
Figure 3. 9. Light penetration at a solar elevation of 66° through canopy (Jones 1992, p.34). 
 
Table 3. 2. Dependence of the extinction coefficient on beam elevation for different leaf angle 
distribution functions that are commonly used in modeling canopy light climates, together with 





Spherical 1/(2sin β) 
Ellipsoidal (x2 + cot2b)1/2/(Ax) 
Diaheliotropic 1/sin β 
Where β is the beam elevation and x is the ration of horizontal to the vertical axis of the ellipsoid and 
A≈ (x + 1.774(x+1.182)-0.773)/x (Jones 1992, p.38) 
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The probability of diffuse radiation penetration can be computed by integrating the 
direct solar radiation penetration over the sky’s hemisphere and the sky brightness. 






Pdiffuse = The probability of direct radiation penetration  
P0 = The probability of direct radiation penetration 
θ = Beam elevation  
 
According to Jones (1992, p.40), the diffuse irradiated leaf area is about π/2 times of 
the direct irradiated leaf area since more leaves may be exposed to Omni-directional 
radiation from the sky.   Such statement can be used to simplify the calculation of 
diffuse radiation penetration for horizontal leaves in the open space.  
 
Temperature of bound air within foliage and leaf surface temperature, however, are 
not available at the moment. They are also the focus of the later experiment which is 
designed to solve the problem. The temperature of bound air is governed by many 
factors, such as climatic conditions, species of plants, soil conditions, shading effects, 
evapotranspiration, wind speed, and so on. It is a challenge to consider all of these 
factors in order to work out the bound air temperature. Alternatively, it can be 
measured directly in a comprehensive experiment from which some regressions can 
be set up based on the empirical data. Leaf surface temperature can be predicted in 
the same way. Actually, leaf surface temperature of sun exposed vegetation is 
subjected to two processes: cooling due to evapotranspiration and warming due to 
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solar radiation. The purpose of obtaining leaf surface temperature is to estimate the 
long-wave heat exchange within the canopy (see Figure 3. 10). Two assumptions are 
made here: 
  
• Leaves are good absorbers in the far-IR so that they behave approximately 
as black bodies in the longwave, with ε being between 0.94 and 0.99 (Jones 
1992, p.30); 
•  the long-wave heat exchange between the hard surface and the sky or the 
ground is ignored due to the blockage of plants in-between.   
 
 
Figure 3. 10. Estimating of long-wave heat exchange within the canopy. 
 
After all the unknowns are predicted, the equation of green sol-air temperature can 
be expressed as follows:   
 
t’sa = t’a + αI’/ho + [εδ(Tl4 – T’a4)/ho] Eqn. 5 
Where 
t’sa = Green sol-air temperature 
t’a = Temperature of air bound within foliage, T’a = 273+t’a 
α = Absorptivity of external surface 
I’ = Intercepted incident solar radiation by plants on the surface 
ho = Overall external surface coefficient  
tl = Leaf surface temperature, Tl = 273+tl 
δ = Stefan-Boltzmann’s constant (5.67 x 10-8) 
 
Temperature radiation 
exchange between the surface 




      εδ(tl4 – t’a4)/ho
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The concept of green sol-air temperature can be fitted into the conceptual model 
perfectly with respect to all parameters including those plants-related ones (Figure 3. 
11). Therefore, green sol-air temperature can be the best deliverable of the study.   
 
 
Figure 3. 11. The integration of green sol-air temperature and the conceptual model. 
 
In the process of calculating the green sol-air temperature, it is necessary to separate 
direct solar radiation and diffused solar radiation from the global radiation measured 
from the weather station. Some simple calculations have been used according to the 
equations (Givoni 1998, p. 54 -56) as follows:  
 
IDN = I0/exp(E/sinA) Eqn. 6 
Where 
IDN = The intensity of the direct solar beam reaching the surface 
I0 = Solar constant 1550W/m2 
E = Extinction coefficient of the atmosphere, in a humid area in summer, it is 
about 0.2 
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IDH = IDN sinA Eqn. 7 
Where 
IDH = The direct radiation striking a horizontal surface 
IDN = The intensity of the direct solar beam reaching the surface 
A = Solar altitude  
 




IdH = The diffused radiation striking a horizontal surface 
IDN = The intensity of the direct solar beam reaching the surface 
E = Extinction coefficient of the atmosphere, in a humid area in summer, it is 
about 0.2 
 
From the above equations, diffused solar radiation and direct solar radiation can be 
separated from the measured global solar radiation with reference to the intensity of 
the direct solar beam reaching the surface. Direct solar radiation and diffused solar 
radiation striking on vertical surface will be calculated by the following equations 
subsequently:  
 
IDV = IDN cosO Eqn. 9 
Where 
IDv = The direct radiation striking a vertical surface 
IDN = The intensity of the direct solar beam reaching the surface 
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IdV = 0.5 IdH  Eqn. 10 
Where 
IdV = The diffused radiation striking a vertical surface 
IdH = The diffused radiation striking a horizontal surface 
 
In conclusion, Green sol-air temperature is the final deliverable generated from the 
Plants-Climate-Buildings model. It can be used to evaluate the climatic benefits of 
plants introduced around buildings. Compared to other methods, it is simple and 
straightforward with reference to weather data and LAI values of plants only. The 
fundamentals of the new concept are based on the empirical data generated in the 
tropical climate. It would be more reliable in predicting the impacts of plants in the 
local condition, as compare to other methods. The possible limitations of the new 
concept are:  
• It does not deal with advection phenomena much. The assumption is that the 
ventilation occurred within foliage is minimum.  
• The ventilation benefits from a reduced urban temperature are not counted in 
the new concept.  
 
3.3.3 Green sol-air experiment  
Basically, green sol-air temperature will not involve the complex thermal behaviors of 
plants but based on the meteorological data as well as Leaf Area Index (LAI) values.  
Therefore, some representative regressions should be set up to predict the various 
thermal behaviors of plants with different LAIs first. An experiment has been 
designed in order to fulfil the objective. Some significant parameters, such as bound 
foliage air temperature, leaf surface temperature, soil moisture content, LAIs as well 
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Two set-ups, which are the horizontal one and the vertical one, were proposed 
(Figure 3. 12) at the very beginning. Some basic requirements for the experiment are:  
 
1. Plants with different LAIs are to be tested out on two set-ups; 
2. For the sake of mobility, some potted plants will be selected on-site;  
3. A relatively open space where the vertical set-up and the horizontal set-up 
can be placed without interfering each other is needed.  
 
 
Figure 3. 12. Two set-ups in the experiment (left: vertical set-up; right: horizontal set-up). 
 
Finally, an open space in a nursery belonging to National Parks Board (NParks) was 
selected (see Figure 3. 13).  It is a concrete hard surface with an area of around 250 
square meters. The place is surrounded by shrubs and trees. Since it is located at a 
relatively higher level, there is no blockage of wind and no shading effect caused by 
landscape.        
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Figure 3. 13. An open space in NParks nursery. 
 
3.3.4 Overall methodology 
The schematic diagram of the experiment method is presented in Figure 3. 14. Three 
main parts constitute the overall methodology. They are experiment, benchmark and 
prediction. Plants with three different LAIs will be tested on both the vertical set-up 
and the horizontal set-up. After collecting data from the experiment, corresponding 
regressions will be developed based on the climatic parameters and other measured 
variables on site. A validation will be done to testify the usability of the regressions 
generated from the experiment.  The regression models are categorized according to 
the LAI values. The whole spectrum of LAI values ranged from 1 to 5 derived from 
the vertical set-up and the horizontal set-up will be evaluated according the criteria of 
whether a stable bound air temperature condition can be formed within foliage. The 
regressions will be rejected if they fail to meet the criteria since a fluctuation bound 
air condition within foliage is not suitable for further prediction. Based on the 
benchmarks finally decided by the experimental results, green sol-air temperature 
can be calculated. The application of green sol-air temperature will be reflected 
through direct comparison between green sol-air temperature and sol-air temperature, 
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predicting possible energy saving, and predicting possible influence towards current 
building regulations, such as ETTV and so forth. 
 
Figure 3. 14. Schematic diagram of the experiment method. 
 
3.3.5 Instrumentation 
The instruments employed in the experiment include a Hobo weather station, H8 
HOBO Pro RH/Temp Loggers, HOBO U12 Thermocouple Loggers plus T-type 
thermocouple wire, and a Li-cor LAI-2000 analyzer.  All equipment has been 
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1.  Weather condition  
The meteorological condition is registered by the Hobo weather station (see Figure 3. 
15) on site. Some key specifications are:  
  
• Memory: 512K data storage (up to 500,000 measurements)   
• Data Channels: Maximum of 15   
• Logging Interval: 1 second to 18 hours, user specified interval   
• Time Accuracy: 0 to 2 seconds for the first data point, ±5 seconds per week at 
+25°C  
• Offload Speed: 2 1/2 minutes for full 512K offload  
• Environmental Rating: Weatherproof  
• Sensor network cable length: 100 meters maximum  
 
Seven parameters are measured including:  
 
• Ambient air temperature (Degree C); 
• Solar radiation (Watts/square meter); 
• Relative humidity (%); 
• Wind speed (m/s);  
• Wind direction (Degree); 
• Rain fall (mm); 
• Soil moisture (m3/ m3 or %). 
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Figure 3. 15. Hobo weather station. 
 
2. Bound air temperature 
 
The bound air temperatures within/behind foliage are measured by H8 HOBO Pro 
RH/Temp Loggers (see Figure 3. 16). Some Key Specifications are:  
  
• Temperature Measurement Range: -30° to 50°C  
• Temperature Accuracy: ±0.2° at 21°C  
• RH Measurement Range: 0% to 100% RH 
• RH Accuracy: ±3% RH; ±4% RH in condensing environments 
 
Seven loggers are used to measure the horizontal set-up at different heights and two 
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Figure 3. 16. H8 HOBO Pro RH/Temp Loggers. 
 
3. Surface temperature 
 
The leaf surface temperatures and the soil surface temperature are recorded by 
HOBO U12 Thermocouple Loggers plus T-type thermocouple wire (see Figure 3. 17 
and Table 3. 3).  
 
 
     
Figure 3. 17. HOBO U12 Thermocouple Loggers plus T-type thermocouple wire. 
 










-200° to 100°C ±1.5°C 0.1°C at -50°C 
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Six data loggers are used to measure the horizontal set-up while the other four 
loggers are used to measure the vertical one.  
    
4. Leaf Area Index 
 
Leaf Area Index (LAI) values are measured on site by Li-cor LAI-2000 analyzer 
(Figure 3. 18). The LAI-2000 is the premier LAI instrument in the world. It calculates 
LAI and other canopy structure attributes from radiation measurements made with a 
“fish-eye” optical sensor (148° field-of-view). Measurements made above and below 
the canopy are used to determine canopy light interception at 5 angles, from which 
LAI is computed using a model of radiative transfer in vegetative canopies. 
 
LAIs of plants placed at both the vertical and the horizontal set-ups are measured 
many times during the experiment.  
 
 
Figure 3. 18. Li-cor LAI-2000 analyzer. 
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3.3.6 Experiment design 
The experiment has been carried out from 9th July 2005 to 18th November 2005 over 
a period of around four months. There were two main phases in the experiment. The 
first phase included two periods from 9th July to 1st September 2005 and from 3rd to 
18th November. During this phase, experiment was set mainly for ‘warming up’ all the 
equipment and for validation purpose. From 2nd September to 2nd November, all 
plants employed in the first phase were replaced by new ones. Data collected during 
this phase was mainly for generating the regression models.  
 
The horizontal set-up consisted of selected potted plants and a measuring post 
mounted with seven data loggers (Figure 3. 19). The potted plants have been placed 
closely with each other with a dimension of 2m (width) by 2m (length). The 
measuring post was placed in the center of the foliage. The H8 HOBO Pro RH/Temp 
Loggers are secured at different heights from just above the soil surface to around 
1400 mm with an interval of 200mm. Five thermocouple wires were directed from 
HOBO U12 Thermocouple Loggers to corresponding leaves located at different 
heights (basically, the foliage was divided into low, medium and high portions. The 
measurement of leaf surface temperature was done at every portion by selecting 
leaves randomly. The density, or more accurately, the LAI values were varied 
through the arrangement of the potted plants. With the help of the LAI analyzer, three 
arrangements of LAI values which were 1, 3 and 5 were measured. The soil surface 
temperature was also measured by a HOBO U12 Thermocouple Logger plus 
thermocouple wire for reference purpose. 
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Figure 3. 19. Horizontal set-up.  
 
The vertical set-up was made up of a wooden board, rows of plants and related 
instruments (see Figure 3. 20). The long-axis of the partition board was orientated to 
face the west and the east orientations which are the extreme vertical cases under 
the local weather condition. The dimension of the partition board is 1500mm (length) 
by 1000mm (height). Plotted plants were placed closely in front of the board. The 
density (LAIs) of plants was varied by changing the rows of plants. In the experiment, 
single-row, two-row and three-row were tested. The LAI values of the above 
arrangements were 1, 3 and 5 respectively. It is worth to mention that the LAI 
measurements conducted for the vertical set-up were done by tilting the lens of the 
LAI analyzer towards East or West instead of the sky. Two H8 HOBO Pro RH/Temp 
Loggers were installed at a height of 500mm at the two sides of the board. The 
wooden board, which was around 50mm thick, acted as a good thermal insulator and 
prevented the two sides from possible bound air temperature interference.     
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Figure 3. 20. Vertical set-up. 
 
The site was occupied by the horizontal set-up, the vertical set-up, the weather 
station, and the other equipment (see Figure 3. 21). The weather station had been 
set up near the two experimental set-ups but beyond their possible influential area. 
Similarly, the vertical and the horizontal set-ups were separated with enough 
distance to lower any possible mutual-influence.   
 
 
Figure 3. 21. the spatial arrangement of the experiment. 
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All measuring parameters were continuously logged on site. The sampling rate of all 
the equipment on site had been set at 1 minute which is fairly accurate for describing 
the thermal behavior of plants.  
 
In the experiment, two types of plants (Figure 3. 22) had been tested in the horizontal 
set-up while another two types (Figure 3. 23) were measured in the vertical one. 
Basically, the regression models generated from the plants selected in the second 
round were validated by those picked in the first round. All plants are common 
garden shrubs in Singapore with green-colour and medium-size leaves. The purpose 
of selecting such plants was to obtain some representative data with which some 
regression models could be generated.  
 
  
Figure 3. 22. Two types of plants tested in the horizontal set-up. 
 
   
Figure 3. 23. Two types of plants tested in the vertical set-up. 
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The designed experiment can be considered as a prelude to the new concept and its 
related applications. Some regression models were expected to be generated from 
the results obtained from the experiment. Green sol-air temperature can help to 
predict the thermal benefits of plants. The experiment and the new concept can be 
treated as a starting point from which the thermal benefits of plants around buildings 
are explored in the local climate. Due to the constraints of the experiment, it is not 
possible to cover many plants’ species and fully reflect the real situation where plants 
are introduced around buildings. Fortunately, the green sol-air temperature concept 
is an open one which can allow any possible input in the future. As long as the 
empirical data can help to work out plants-related parameters (i.e. bound air 
temperature within foliage, leaf surface temperature), they can be introduced into the 
new concept and allow more extensive predictions to be developed.    
 
The new concept of green sol-air temperature has been proposed based on the 
concept of mature sol-air temperature. It can be fitted into the conceptual model 
seamlessly with consideration of buildings, climate and plants together. Therefore, it 
is believed as a good deliverable of the study. The possible applications of the new 
concept in the construction industry are:  
 
• Based on meteorological data, a simple comparison between green sol-air 
and sol-air can quantitatively reflect the thermal impact of plants around 
buildings; 
• Possible energy savings can be reflected by comparative heat gain 
reduction calculated by green sol-air temperature and sol-air temperature;  
 
It can also contribute to local regulation/legislation by reflecting possible benefits of 
introducing plants into buildings (e.g. the potential change on ETTV by introducing 
plants).   
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3.4 Conclusion  
 
The schematic diagram which embodies the holistic research methodology is 
presented in Figure 3. 24. Research objectives and literature review have been 
elaborated previously in Chapter 1 and 2. The conceptual model,  background 
studies and the final deliverable are extensively dicussed in this chapter. The 
conceptual model is developed with reference to some environmental models. It is 
basically a specific model which aims to promote plants as a passive climatic control 
method in a built environment. The model is subsequently put into the background 
study to testify the two hypotheses and theoratical application at both macro and 
micro levels. Green sol-air temperarue, as the final deliverable, is finally developed 
based on previous works and it can fill the knoweledge gap in terms of calculating the 
effect of plants introduced around buildings in a simple way.  
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Figure 3. 24. Schematic diagram of research method.
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Singapore is a green city with relatively extensive developments island-wide. There is 
no distinct boundary between urban and rural areas. However, the two existing 
predominant green areas, the primary forest of 75ha in the middle of the island and 
the open space allocated for recreation purposes in the northeast of the island, are 
all located at the northern part of the country while most built-up regions like industry 
areas, residential areas, the CBD area and the airport are located at the southern 
part. Therefore, the northern part of the country can be considered as ‘rural’ area 
while the southern part is the urban district (see Figure 4. 1). A series of macro scale 
studies have been carried out on the island. The aim is to uncover the impacts of 
greenery in Singapore at a large scale.    
 
Figure 4. 1. The ‘urban’ and ‘rural’ partition of Singapore. 
 
 
4.1 Satellite image and meteorological data 
 
Firstly, a preliminary study has been done to map out the surface temperatures of the 
entire island by the use of satellite images in Singapore. It aims to identify the 
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possible hot spots in Singapore. Figure 4. 2 shows the sample image derived from 
Landsat 7 on 11th October 2002.  
 
 
Figure 4. 2. Landsat 7 ETM+ image of Singapore (acquired on 11th October 2002). 
 
The image was radiometrically calibrated and geometrically corrected to obtain the 
detected radiance data. The detected radiance in the thermal band was converted to 
equivalent surface temperature using the Planck’s blackbody formula. The land cover 
was classified into several classes, such as vegetation, buildings, roads, etc. using 
the visible, NIR and SWIR bands (see Figure 4. 3).  
 
 
Figure 4. 3. Relative temperature derived from thermal band of Landsat-7 ETM+ (Major cloudy 
areas are masked out as white patches). 
 
It can be observed from the image that the warm regions are mostly located at the 
south of the island where the northern part is relatively cool. It accords with the 
‘Urban’ and ‘Rural’ boundary (see Figure 4. 1). The hottest regions are Tuas 
Warm 
Cool 
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Industrial park, Jurong Island industrial park, and Changi airport. It is reasonable 
since they have large areas of exposed hard surfaces, such as metal roofs and 
runways, which will absorb solar radiation and incur high surface temperature easily 
during the daytime. The CBD area and the housing developments located in the 
central southern part of the island also experienced relatively high temperatures. But 
it is observed that low-temperature patches are randomly distributed. The possible 
reason is due to landscaping and shading provided by plants much.      
 
On the other hand, the northern part is much cooler than the southern part. It is due 
to the concentration of greenery and water bodies as well as less impact from the 
urban developments. The hot and cool spots observed from the image are relevant to 
the current land-use distribution. The contrast between ‘urban’ and ‘rural’ areas hints 
the prevalence of UHI effect in Singapore although the satellite image only provides 
the instantaneous observation during the daytime.  
 
In order to further examine the climate change in Singapore, the meteorological data 
of last 20 years have been collected from a standard network of climate stations in 
Singapore (see Figure 4. 4).  The constraint is that the all four available weather 
stations are built at the northern part and at the airport.  The climate change of CBD 
area, therefore, is not able to be analyzed by the method.   
 
 
Figure 4. 4. Networks of climate stations in Singapore, (the Paya Lebar station is not in use, 
source from Singapore Meteorological Service). 




Although they are only available in the ‘rural’ area, the stations still provide evidence 
of the climatic impact caused by the development. Land cover is believed as a 
significant parameter which determines air temperature variations (Shudo et al., 
1997). Under such consideration, Figure 4. 5 illustrates the average annual Dry Bulb 
Temperature (DBT) versus time obtained from the four weather stations. 
 
Annual DB Temperature Series 
(Sembawang Station)
y = -0.0327x + 31.86
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Annual DB Temperature Series 
(Seletar Station)
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Annual DB Temperature Series 
(Tengah Station)
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Annual DB Temperature Series 
(Changi Station)
y = 0.0282x + 31.129
y = 0.051x + 26.865
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Figure 4. 5. The statistical analysis of last 20 years weather data. 
 
The most obvious increase of annual mean temperature is observed in the Changi 
Station for the last twenty years. It is mainly due to the expansion of the airport 
boundary and the increasing air traffic load. The correlation analysis between annual 
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temperature and annual air traffic volume (see Figure 4. 6) further explains why the 
temperature is increased for the last twenty years at the airport.  
   
Correlation Analysis between the Annual Mean Dry-bulb 
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Annual mean values Linear (Annual mean values)
 
Figure 4. 6. Correlation analysis between annual temperature and annual air traffic volume at 
Changi Airport. 
In contrast, the temperature variance at Tengah station is very minimal for the last 
twenty years. It is due to the unchanged landuse (see Table 4. 1). Around 72% of 
land in Tengah is made up of open spaces and waterbodies without any man-made 
developments. It is obviously the reason why constant temperature is maintained 
during the last 20 years.  
Table 4. 1. Land use distribution in Tengah. 
Land Area Broad Land Use Ha % 
General Industry 57 7.8 
Institutional 5 0.7 
Open Space 521 70.9 
Waterbody 6 0.8 
Infrastructures 37 5.0 
Others 109 14.8 
Total 735 100 
  
 
Compared to the two previous extreme cases, slight increases of annual mean 
temperatures were observed at both the Sembawang and Seletar stations. The 
possible reason is the development of HDB new town (such as Woodlands new town 
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and Ang mo kio new town) as well as the expansion of old housing estates 
developments (Sembawang, Yishun, Jalan Kayu, etc.) during the last two decades in 
these areas.       
 
4.2 Mobile survey  
 
The satellite image shows clear temperature difference between the ‘urban’ and the 
‘rural’ areas. However, what satellite image can generate is surface temperature 
rather than ambient temperature. On the other hand, the existing weather stations 
are built in ‘rural’ area and the airport. The meteorological data are not available in 
CBD area. To obtain some quantitative data island-wide, especially in CBD area, a 
mobile survey was carried out.     
 
The mobile survey was conducted by vehicles equipped with observation tubes (see 
Figure 4. 7) at midnight from 2am to 4am on 9th July 2002 and 13th September 2002 
respectively. The openings of the tube were not facing the moving direction to 
prevent against strong winds from interfering the readings during the survey period. 





Figure 4. 7. Mobile surveys conducted by vehicles equipped with observation tubes. 
 
All vehicles drove along highways at a speed of around 50 Km/h. The locations of the 
moving vehicles were recorded every two minutes during the survey period and they 
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were grouped later with corresponding air temperature and humidity derived from the 
mounted Hobo data loggers. A single route (see Figure 4. 8) which crossed the 
island from the west all the way to the east was chosen during the first survey and 
four routes (see Figure 4. 9) were chosen which basically covered the whole island 
during the second survey. They were the western route, eastern route, center route 




Figure 4. 8. The route of the 1st survey. 
 
                 Western route   
                      Eastern route   
                      Central route   
                      CBD route    
Figure 4. 9. The routes of the 2nd survey. 
 
The aim of the preliminary survey was to determine the correlation between 
temperatures and different land uses. The survey route running from west to east 
passed through quite a number of different land uses, like industrial areas, residential 
areas, the catchment area and the airport. The results are illustrated in Figure 4. 10. 
The solid line shows the fluctuation of ambient air temperatures while the dotted line 
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represents the variation of relative humidity during the first survey. The highest air 
temperature, 28.6ºC, was detected in the Bedok industrial area at around 0243 hr. 
The lowest temperature, 27.0ºC, was observed when the car passed through the 
boundary of the primary forest at around 0228 hr. The Changi airport and Tuas 
industrial area also experienced higher temperatures, around 28.3ºC to 28.5ºC while 
lower temperatures around 27.7ºC were recorded in some residential areas like Bukit 
Batok and Toa Payoh.  Normally the location with higher temperature had lower 
relative humidity. The highest relative humidity of 90.9% was observed near the 
forest while the lowest relative humidity of 82.1% was experienced near an industrial 


























































































































Figure 4. 10. The first mobile survey (I-Industry area; R-Residential area; F-Forest; A-Airport). 
 
The maximum difference of ambient air temperature is 1.6 ºC. It is not much but 
clearly reflects the correlation between variances of temperatures and land uses. 
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Normally industrial areas and the airport have less green areas as compared to other 
land uses. Therefore, the heat absorbed by massive hard surfaces during daytime 
was re-emitted at night. This is the reason why higher temperatures were observed in 
these areas during the night survey. Lower temperatures were detectable in 
residential areas with more greenery. It indicates that plants within developments can 
actually cool the surroundings and generate lower ambient temperature at certain 
range. For large green areas, they can cool the surroundings at a wider range. The 
lowest temperature caused by the forest, therefore, was detected during the survey 
when the vehicle passed the boundary of the forest. The relative humidity was 
inversely distributed.   
 
To map an island-wide temperature distribution, a second survey was conducted. 
Data were collected simultaneously through four survey routes which covered the 
island. The temperature distribution is shown in Figure 4. 11. It can be found that the 
lower temperatures were mostly detected at the northern part while higher 
temperatures were observed at the southern part, especially at the CBD area. The 
results of the survey accorded with the partition of ‘urban’ and ‘rural’ areas in 
Singapore (see Figure 3.3). Basically, the temperatures measured near large green 
areas are relatively lower than those measured far away from them. 




Figure 4. 11. Mapping of temperature distribution based on the second mobile survey. 
 
The lowest temperate, 24.3ºC, was detected in the north-western open 
space/recreation area where the area was less built-up and vegetation was dense. It 
is estimated that even lower temperature could be obtained within the primary forest. 
The highest temperature, 28.31ºC, was detected in the high rise and high density 
CBD area where less vegetation was planted. A maximum temperature difference of 
around 4ºC was detected in this second mobile survey. It is estimated that even 
larger temperature difference could be reported if the mobile survey could cover the 
center area of the forest. According to the mobile survey, the occurrence of the 
Urban Heat Island effect in Singapore has been confirmed although it is not as 
severe as some mega cities in the world.   
 
Based on the data derived from the mobile survey, the sketch of UHI profile in 
Singapore was plotted (see Figure 4. 12). It seems that the temperatures measured 
within the different land uses are related to the density of greenery. In the CBD areas, 
the absence of plants coupled with high density of buildings caused the highest 
temperature. Higher temperatures were also detected in some industrial areas. The 
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possible reason may be due to the use of metal roofs for the industrial buildings and 
the lack of tall trees which can cast sufficient shadows on buildings. The 
temperatures measured within residential areas depended on their locations. For 
those residential areas near large green spaces, lower temperatures were 
experienced compared to those near the city center. The open spaces and the forest 
are well planted with trees. Therefore, these areas experienced the lowest air 
temperatures as compared to other areas.   
 
 
Figure 4. 12. Sketch of Urban Heat Island profile in Singapore. 
 
4.3 Park measurement  
 
From the results of the satellite image, the meteorological data over the last 20 years 
and the mobile survey, a complete spectrum of the extensive impact of vegetation is 
demonstrated. Hence, the influence of greenery should be studied closely in details. 
Large urban parks can extend the positive effects to the surrounding built 
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environment and moderate the urban climate. However, the thermal condition within 
these parks and their cooling impacts on surroundings are still uncertain. Therefore, 
studies were carried out in Bukit Batok Nature Park (BBNP) and Clementi Woods 
Park (CWP) which are two large-size natural reserves in Singapore.  
 
The field measurements in BBNP and CWP were conducted during the periods of 
11th January to 5th February 2003 and 16th June to 1st July 2003 respectively. Hobo 
Temperature/RH mini-dataloggers (see Figure 4. 13) were employed to measure the 
ambient air temperature and relative humidity on site.  Every Hobo datalogger was 
housed by a wooden box with ventilation holes and they were secured at the height 
of 2 meter on lamp posts or trees nearby (see Figure 4. 14).   
 




Figure 4. 14. Hobo data logger was housed in the measurement box and they were secured on the 
lamp post nearby. 
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In BBNK, five measurement points were selected within the park while another five 
points were chosen in surrounding residential blocks. All measurement points were 
lined up with an interval of around 100 meter. Apart from using Hobo data logger, LAI 
analyzer and weather station were also employed to measure LAIs and weather data 
as significant reference on the spot.    
 
To explore the cooling effect of BBNP, the average temperatures obtained at 
different locations were compared (see Figure 4. 15). Within BBNP, it can be found 
that most average temperatures were relatively lower than those measured in HDB 
blocks. From locations 1 to 4, the average temperatures range from 25.2 to 25.5oC. 
For location 5, the average temperature is slightly higher since it located at the edge 
of BBNP. Furthermore, the location is near the car park and the highway. The 
anthropogenic heat generated by vehicles may probably influence the readings. 
There is an orderly elevation of average temperatures for locations within 
surrounding HDB blocks.  It shows that the park has cooling impact on the 
surroundings but it varies with the distance. The highest average temperature was 
observed at location 9. It is 1.3 oC higher than the average temperature obtained at 
location 6 which is the nearest HDB location to BBNP.  Location 10 had lower 
average temperature as compared to locations 9. Location 10 is located at the edge 
of the dense HDB neighborhoods. The impact from buildings on location 10 may not 
be as much as that on locations within blocks. Another interesting difference between 
the park and surrounding HDB blocks are their standard deviation. These standard 
deviation obtained in the Park Range from 1.8 to 2.1 (locations 1 to 4) while they 
range from 2.0 to 3.2 (locations 5 to 10) in the built environment. It indicates the 
extensive plants may have better ability to stabilize the fluctuation of ambient air 
temperature. Inversely, average relative humidity obtained in BBNP is higher than 
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those observed in the surrounding HDB flats. All average relative humidity obtained 
from BBNK is over 90%. 
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Locations 1 2 3 4 5 6 7 8 9 10 
Average 
temperature 25.2 25.5 25.4 25.3 25.8 25.6 26.1 26.6 26.9 26.6 
Standard 
deviation 2.1 2.1 1.8 1.9 2.5 2.3 2.0 2.5 3.2 2.4 
Figure 4. 15. The comparison of average air temperatures measured at different locations in 
BBNP (11th Jan to 5th Feb 2003). 
 
 























Figure 4. 16. The comparison of average RH measured at different locations in BBNP (11th 
Jan to 5th Feb 2003). 
 
The measurement in BBNP was conducted over a period of 26 days. The lower 
temperatures were always observed within BBNP which can be defined as ‘cooling 
source’ in this case. To determine the relationship between the cooling source and 
Locations 1 2 3 4 5 6 7 8 9 10 
Average 
RH 94.1 96.2 92.0 93.5 90.8 89.1 92.1 87.0 83.0 88.5 
Standard 
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the locations within buildings, a correlation analysis was done. Location 3 has been 
defined as a reference point since it has lower average temperature and lowest 
standard deviation over a period of 26 days. The elevation of ambient temperatures 
can be observed at the locations away from the park in terms of the gradients. Figure 
4. 17 highlights the gradient differences of the location near the park (location 6) and 
the location further away from the park (location 9).  
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Figure 4. 17. Correlation analysis of locations 6 and 3 as well as locations 9 and 3. 
 
To further explore the pattern of energy consumption of a typical commercial building 
near BBNK, a simulation programme - TAS, was used. A typical 8-storey commercial 
building was built with 3d-Tas. Some general assumptions were made in terms of 
internal condition of the building. They are:  
 
• Air-con is turned on from 0800 to 1800 hrs 
• Temperature ranges from 22.5 to 25.5 °C 
• Relative humidity is less than 70% 
• Lighting gain 15w/m2 
• Occupancy sensible and latent heat gain 15w/m2 
• Equipment sensible heat gain 20w/m2 
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The cooling load of the commercial building was consecutively calculated when it 
was placed inside the park, 100m, 200m, 300m, and 400m away from the park. The 
calculated cooling loads for different locations within or near the BBNP are presented 
in Figure 4. 18.  A clear difference among cooling loads can be observed. The lowest 
load, 9077kWh, was observed when building was placed inside the park while the 
highest one, 10123kWh, was experienced when the commercial building was built 
400m away from the park (location 9 in the filed measurement). The energy 
consumptions of the rest of the locations are within the range defined by the above 
two locations. The results are found to be consistent with the average temperature 
profile observed in the field measurement in BBNP. It is unrealistic for a commercial 
building to be built inside a national park. However, it is possible that the building is 
built near park or greenery. Energy savings can be accrued when a building is 
located near a park as evident in the above analysis. For example, 9% cooling 
energy can be saved if a 9-storey commercial building can be built close to the park 




































In the park 9077 10% 
100m from the 
park 9219 9% 
200m from the 
park 9383 7% 
300m from the 
park 9672 4% 
400m from the 
park  10123 0% 
 
Figure 4. 18. Comparison of cooling loads for different locations. 




In CWP, lower temperatures were also observed in the park while higher 
temperatures were observed in surrounding built environment. Within the park, it was 
found that the lowest average temperature, 25.7oC, was experienced at location 1 
while the average temperatures ranged from 27.2 to 27.5oC at the rest locations 
within CWP.  It can be explained by the arrangement of plants within CWP. The 
southern part (around location 1) of CWP is a piece of primary woods. The LAI 
readings measured are 7.11 and 7.23 which means the woods is very dense. 
Therefore, both shading and evaporative cooling effects may be very significant. The 
rest of the areas in CWP are not densely planted with trees. Hence, the measured 
LAIs range from 2.21 to 4.02. The ambient temperature has strong correlation with 
the density, or more accurately, LAIs of plants. It is the reason why the difference of 
average temperatures between location 1 and the rest locations in CWP is from 1.5 
to 1.8oC. Beside the comparison of ambient air temperatures, the correlation analysis 
between solar radiation and air temperatures among different locations has also 
been conducted (see Figure 4. 19). The solar radiation data was taken from the 
weather station located near the CWP. On a clear day (19th June 2003), only data 
collected from 0800 to 1340 hr when the solar radiation was continuously increased 
to its peak value was used in the analysis. Basically, temperatures will be increased 
with the elevation of solar radiation at all locations. The trend line of location 1 is at 
the bottom of the profile. Those trend lines derived within CWP and nearby areas are 
at the middle of the profile. The trend lines obtained from locations further away from 
the park, such as locations 9, 11, and 13, are at the top of the profile. These findings 
accord with the previous analysis, but the interesting phenomenon is that the 
gradients of these trend lines are more or less the same. In other words, the increase 
of temperature due to the elevation of solar radiation is more or less the same for all 
locations. The cooling impact of plants on ambient air is based on their 
evapotranspiration. It seems that the evapotranspiration of plants has little impact on 
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decreasing the ambient air temperature during this period of time when solar 
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Figure 4. 19. The correlation analysis between solar radiation and air temperatures at all 
locations. 
 
In order to fully investigate the cooling effects of Clementi Woods, three scenarios 
were created within the simulation programme - ENVI-met. They are: 
 
Scenario 1 – Original woods   
The base case which simulates the current thermal conditions of CWP and its 
surroundings.   
 
Scenario 2 – No woods  
All plants in the park are removed but the soil is retained.  
 
Scenario 3 – Buildings  
All plants and soil are replaced by high density buildings lined up with a plot ratio of 1 
and 3 respectively.  
 
Figure 4. 20 shows the comparison observed at 0000hr.  It is obvious that planted 
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almost similar to the length of the green area. Of course, the closer distance to the 
green area, the lower the temperature obtained. The maximum height of the low-
temperature zone is around 70 to 80m. In this simulation model, the height of tallest 
buildings (HDB point block) is 66m. Therefore, it can be concluded that both upper 
and lower part of tall buildings can get cooling benefit from vegetation at night if they 
are located near the green area. When the vegetation is totally removed from the 
woods, only a very small patch of the low-temperature zone is found in the leeward 
area. When plants are totally replaced with buildings, the low-temperature zone is 
replaced by high-temperature zone.  
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303.00 K  
Figure 4. 20. The comparison of section views of scenarios with woods (a), without woods (b), and 
with buildings replacing woods (c) at 0000hr. 
 
Figure 4. 21 shows the temperature profile of the four scenarios at 0600hrs. In 
scenario 1, it is observed that the coolest region is in the Clementi woods itself due to 
No woods
Building (PL=3) 
Woods Cooling length Cooling height 
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the greenery at about 300K. The cooling effect of the Clementi woods can be seen 
on the surrounding built environment where the effect is less pronounced at 301.5K.   
 
When the vegetation is removed (scenario 2) the temperature in the woods area has 
been elevated to about 301K. However, the moisture level in the soil does not cause 
the temperature to be similar to those on the hard pavement areas. Subsequently, 
the cooling effect in Kent Vale and lower Ginza Plaza is reduced to a certain extent. 
In the HDB block areas, the temperature has risen to about 301.8K. It should be 
noted that the model assumes the source of water in the soil is non-depleting. In 
reality however, it is expected that the water will be dried after some time and thus 
the cooling effect will be minimal. 
 
When the vegetation is replaced with hard pavement and buildings, it can be seen 
that the whole area now has higher temperatures at about 301.5K. There appears to 
be a loss of cooling effect on the surrounding built environment where the 
temperature ranges from 301.8K to 302.2K. Comparing the scenarios of buildings 
with plot ratios of 1 and 3, it can be seen that in the latter, the temperature profile is 
modestly better than that of the former. This is attributed to the higher wind velocities 
through the taller buildings in scenario 3 with the plat ratio of 3. The taller buildings 
create higher negative pressure causing higher velocities of air to move through the 
sides thus increasing ventilation and reducing temperature. 
 
Through the simulation, it is believed that the cooling effects of the greenery area on 
surrounding areas are strongly related to the following factors: 
 
• distance to the greenery area 
• wind direction 
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• building layout 
It is important to highlight that the impact of wind is significant in determining the 
thermal benefits of parks on surroundings. It can bring cool air generated within 
the park towards buildings through advection process.   
 
Figure 4. 21. Temperature Profile (lower limit: 303.45K; higher limit: 301.8K) for the Different 
scenarios for z=2m at 0600hrs. 
(from L to R, scenarios 1, scenarios 2, scenarios 3 with plot ratio of 1, scenarios 3 with plot ratio of 3) 
 
 
4.4 Plants in housing developments   
 
The two sites which were chosen for the measurement are Punggol and Seng Kang 
(see Figure 4. 22). Punggol site is a developed, residential site with moderate 
vegetation on ground level and a rooftop garden. It consists of Block numbers 127, 
128A, 128B, 128C, 128D and 128 (Carpark) situated at Punggol Field Walk Road. 
Seng Kang site is also a developed residential site but with considerably less 
vegetation on ground level and no vegetation on the top of the carpark. It consists of 
Block numbers 183, 183A, 183B and 184 (Carpark) situated at Cres Rivervale Road. 
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Calculations have shown that the Punggol site has vegetation coverage roughly three 
times more than the Seng Kang site (see Table 4. 2).  
 
        
Figure 4. 22. Punggol site and Seng Kang site. 
 
Table 4. 2. Green coverage at two sites. 
a. Punggol site 
 Area Covered 
(m2) 
Area Covered/Total 
Area Surveyed Percentage (%) 
Grass, Gravel/soil (<0.15m) 
Shrubs (0.15m-1.5m) 
Other vegetation (>1.5m) 
2383 2383/10719 22 
Pavement/Building 8336 8336/10719 78 
b. Seng Kang site  
 Area Covered (m2) Area Covered/Total Area Surveyed Percentage (%) 
Grass, Gravel/soil (<0.15m) 
Shrubs (0.15m-1.5m) 
Other vegetation (>1.5m) 
720 720/10719 7 
Pavement/Building 9999 9999/10719 93 
 
 
The measurement was conducted over a two-week period from 21st September to 5th 
October 2003. All the measurement tools are exactly the same as those employed in 
the park measurement. The insulated boxes with sensors were secured on the 
surrounding lamp posts or trees (see Figure 4. 23). Eight sensors were evenly 
spread out in each site.  
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Figure 4. 23. The installation of sensors on the lame post or the tree. 
 
Figure 4. 24 shows the comparison of maximum, minimal and average temperatures 
between two sites on a clear day (day 13). For a short period in the morning till 
around 0906 hr, both sites had shown quite similar average ambient air temperature 
readings due to the limited insolation. For the time period between 0906 and 1912 hr, 
the temperatures at Seng Kang site had higher temperatures than those at the 
Punggol site. The temperature in Seng Kang rose more rapidly than in Punggol and 
reached the maximum average air temperature of 34.63oC at 1554 hr while a 
maximum average temperature of 32.46oC at 1548 hr. All these differences are due 
to the lack of densely distributed landscape on site.     
 
The maximum average temperatures of the two sites were found to occur at around 
the same time. The maximum average temperature difference of 2.32oC between the 
two sites occurred at 1606 hr. Basically the difference indicates the ability of existing 
landscape on mitigating the influence of harsh built environment on temperatures 
during day time. The temperature in Seng Kang started to decrease at 1712 hr and 
reached similar readings with Punggol site at around 1912 hr. The graph shows that 
the average air ambient temperatures measured in Punggol were generally lower 
than those at Seng Kang site. It can be deduced that vegetation can help to lower the 
ambient air temperature to a certain extent.  
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The comparison of relative humidity (see Figure 4. 25) was by and large lower at 
Seng Kang site as compared to Punggol one, where the plants through their process 
of evapotranspiration released moisture into the surroundings air and thus leading to 
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Figure 4. 24. The comparison of temperatures between two sites. (site 1: Punggol  site; site 2: 
Seng Kang site). 
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4.5 Road trees in industrial area 
 
In order to explore the thermal benefits of road trees, a measurement has been 
conducted in an industrial area where standard low rise factories are located. The 
measurement period was from 18th Mar to 15th Apr 2005. Three streets were selected 
according to their different planting densities (see Figure 4. 26). Tuas Avenue 2 and 
Tuas Avenue 8 are two parallel streets which are separated from the Raffles Golf 
Course by the highway. Tuas Avenue 2 has very extensive mature trees planted 
along the roadsides. Trees planted along Tuas Avenue 8 are not as dense as those 
along Tuas Avenue 2. In addition, Tuas Avenue 2 and Tuas Avenue 8 are all streets 
with busy traffic during the daytime. Tuas South Street 3 is further away from Tuas 
Avenue 2 and 8 down to the southern part of Tuas. Tuas South Street 3 is a narrower 
street with very young trees and light traffic, as compared to Tuas Avenue 2 and 8. 





Figure 4. 26. The three streets in the industrial area (from left to right: Tuas Ave. 2, Tuas Ave 8, 
and Tuas South St. 3). 
 
For every measurement point, a standard solar shield was employed. The whole 
equipment set embodied with a Hobo mini data logger was secured by cable ties to 
the lamp post (see Figure 4. 27). All measurement points were evenly distributed 
along the three streets. Tuas Avenue 2 had six points (15-17, 21-13). Tuas Avenue 8 
also has six points (24-29). There were five points in Tuas South Street 3 (9 -14).   
 
 
Figure 4. 27. Mounting the equipment on the lame post. 
 
The 28-day comparison is shown in Figure 4. 28. It is very interesting that the mean 
or the median values obtained from Tuas Avenue 2, Tuas Avenue 8 and Tuas South 
Street 3 are in a sequence according to the density of road trees planted. Tuas 
avenue 2 consists of many mature road trees with big crowns. Therefore, the lowest 
mean temperature was observed along the street and was lower than Tuas 8 and 
Tuas South Street 3 by 0.5°C and 0.6°C respectively.  












TSS3 AveTuas8 AveTuas2 Ave  







Figure 4. 28. Box-and-whisker plot of average temperatures (°C) obtained from different 
locations over a period from 21st March to 14th April 2005.  
 
In order to explore the extreme conditions, measurements were conducted on a clear 
day, 10th April 2005. In Tuas Avenue 2, the temperatures measured along the street 
ranged from 23.2 to 34.0°C. The temperatures measured in Tuas Avenue 8 ranged 
from 24.4 to 36.1°C. The temperature range is from 25.2 to 34.9°C in Tuas South 
Street 3. It is worth to mention that Tuas Avenue 2 and 8 are main roads in Tuas with 
relatively heavy traffic while Tuas South Street 3 is the quiet street with light traffic. It 
could be the reason why Tuas Avenue 8 experienced highest temperature during the 
daytime. The comparison of average temperatures measured in the three streets is 
shown in Figure 4. 29. A clear sequence was observed among them at night. Tuas 
Avenue 2, as predicted, experienced lowest average temperature followed by those 
in Tuas Avenue 8 and Tuas South Street 3. During the daytime, especially from 1000 
to 1730hr, no clear temperature ascendancy was observed in Tuas Avenue 2 and 8. 
As mentioned earlier, it is because the heavy traffic took place in the streets. 


































































































































































































































































































































Tuas Ave. 2 Tuas Ave. 8 Tuas South St. 3  
Figure 4. 29. The comparison of average temperatures measured in Tuas area on 10th April 
2005. 
 
In conclusion, the thermal condition in the industrial area is very much governed by 
the density of road trees. With very mature road trees, Tuas Avenue 2 performed 
best regardless of day or night. Tuas South Street 3 with very young trees has the 
worst conditions in terms of thermal environment. On the other hand, traffic can blur 
the thermal benefit caused by trees to some extent. It can be easily observed the 





The first part of the background studies are mainly used to verify the hypotheses 
generated from the conceptual model at macro level. Without much intervention of 
vegetation, the conflict between buildings and the urban climate is obvious. The UHI 
effect is significant in the densely built environment. The extreme cases are in the 
industrial areas with large areas of exposed mental roofs and at the airport where 
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there are larger areas of exposed hard surfaces during the daytime as well as the 
CBD area with massive concrete blocks at night. Planted areas in forms of 
undeveloped area, parks, landscape, and road trees can alleviate the harsh built 
environment to a certain extent. It is believed that the thermal contribution of 
greenery is very much related to its density (the amount of intervention from 
greenery). This result is consistent with the hypotheses generated from the 
conceptual model. With the understanding of the performance of plants at macro 
level, the next step is to put the conceptual model at micro scale and derive 
quantitative data at that level. 
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Buildings are the essential elements of an urban environment. The greenery 
intervention cannot only be used on a large scale in the urban environment, but 
should be applied to buildings where similar benefits can be reaped.  Although 
introducing them into buildings is not as easy as traditional landscaping, plants 
strategically placed around roofs and walls can complement the urban green areas. It 
is actually an ecological solution to a concrete jungle. Besides providing visual 
beautification as well as air and noise control, it contributes tangible thermal benefits 
to buildings and their surrounding environments. They can reduce the surface 
temperature through direct shading of hard surfaces as well as cool the ambient air 
by absorbing the solar heat gain for transpiration and photosynthesis. Moreover, 
vegetation surface shows lower radiative temperatures than other hard surfaces with 
the same albedo. The shaded surfaces also emit less long-wave radiation due to 
lower surface temperature. All these will be eventually translated to lower cooling 
energy consumption and mitigated UHI effect in an urban environment. To 
understand all the above benefits in the local urban condition, some quantitative data 
are necessary.    
 
5.1 Rooftop gardens 
 
In Singapore, the continuous efforts in making the country a “garden city” has 
resulted in lush greenery throughout the island. However, the greenery has been 
mostly kept at ground level. The rooftops of many buildings have been left untapped 
as possible areas for rooftop gardens. As one of the potential measures to mitigate 
the Urban Heat Island effect, the utilization of plants for roof and sky-rise gardens 
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has gained popularity around the world. It is essential that research be carried out to 
study the effects and usefulness of rooftop gardens and their application locally. 
 
5.1.1 Intensive rooftop gardens  
The 1st measurement was a pilot test and it has been carried out from the 7th Apr 
2001 to 16th Apr 2001, a total of ten days, over a period of two weeks. The weather 
during these two weeks was generally fair with slight cloud overcast, and occasional 
rainfall on 10th Apr 2001. The sampled buildings are two multi-storey carparks. One is 
covered with intensive garden landscaping and defined as “C2” (see Figure 5. 1). At 
C2, a total of twenty- five measurement points were taken. The other rooftop is 




Figure 5. 1. Rooftop Garden C2 with vegetation. 
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Figure 5. 2. Rooftop Garden C16 without vegetation. 
 
The ambient air temperature above the vegetation, the surface temperature of the 
soil, the temperature underneath the soil layer, and the surface and ambient air 
temperature at the ceiling soffit, the differences in terms of ambient air temperatures 
and RH over the two different rooftops were measured.  Figure 5. 3 shows the 
respective comparisons of ambient air temperatures and RH measured at C2 and 
C16 over three days.  
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At night, the ambient temperatures at C2 and C16 were quite similar, both at about 
28.0°C. But the clear difference can be observed during the daytime, especially at 
around 1300 hr when the solar radiation was at its peak. Throughout the day, the 
maximum temperature difference between the two sites was about 3.0°C. 
Furthermore, the ambient air temperature was consistently lower at C2 due to the 
presence of plants. On the other hand, a higher relative humidity in the immediate 
vicinity was observed. It was caused by the process of evapotranspiration occurred 
on site which increased the moisture in the air.  
 
A more detailed measurement has been carried out on an extensive rooftop garden 
of a low-rise commercial building which has various plants as well as pavement for 
accessing by visitors (see Figure 5. 4). The measurement points are illustrated in 
Figure 5. 5. During the field measurement, the surface temperature measurements 
were conducted in both the interior and exterior environments. For every 
measurement point, thermometers were placed in close contact with the surface to 
capture surface temperatures. Ambient air temperature and relative humidity were 
measured in the interior as well as exterior environments. For outdoor environment, 
the ambient air temperatures and humidity were measured at different heights above 
vegetation and hard surface areas respectively. 
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Figure 5. 5. Measurement points of the field measurement. 
 
Figure 5. 6 show the comparison of surface temperatures measured with different 
plants, only soil, and without plants. Without plant intervention, the maximum 
temperature of the hard surface can reach around 57ºC when solar radiation was at 
around 1400w/m2 during afternoon. The maximum daily variation of surface 
temperature was around 30ºC. For bare soil, the surface temperature measured 
during daytime was not as high as that of the hard surface. The maximum surface 
temperature of bare soil was around 42ºC and the maximum daily variation of 
surface temperature was around 20ºC. The reason could be due to the evaporation 
of moisture in the soil that led to the reduction of surface temperatures during the 
daytime. With the presence of vegetation, the surface temperature was greatly 
reduced.  
 





















































































A B C D E F bare soil hard surface  
Figure 5. 6. The comparison of surface temperatures measured with different kinds of plants, 
only soil, and without plants on 3 and 4 November. 
 
The results shows that the shading effect of plants is highly dependent on the Leave 
Area Index (LAI) since higher temperatures were usually found under sparse foliages 
while lower temperatures were detected under dense ones. The maximum 
temperature measured under all kinds of plants was no more than 36ºC. For the 
densest shrub, the maximum daily variation of surface temperature was no more 
than 3ºC and the maximum surface temperature was only 26.5ºC, which is much 
lower than those measured on the hard surface and the bare soil. The decrease of 
surface temperatures was mainly caused by thermal protection of plants. From 
thermal protection point of view, it is desirable to have vegetation planted on the 
rooftop garden with larger Leaf Area Index (LAI) like dense trees and shrubs. On the 
other hand, trees and shrubs can also increase the roof structural load and 
maintenance. The selection of vegetation on the rooftop therefore requires a balance 
among these environmental, structural and maintainability considerations.  
 
The direct thermal effect of plants was further evaluated by calculating the heat flux 
through a typical roof and planted roofs (see Figure 5. 7). Compared to planted roofs, 
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considerably higher heat flux was observed at the typical roof for the whole day. The 
maximum heat flux, 19.76W/m2, was found at around 1400 h. For the roof with bare 
soil or plants, the heat gain varied with the different time of the day and the heat gain 
difference was obvious during the daytime.  Plants played an important role in 
reducing thermal heat gain through their sun-shading effects during this period. 
Without shading, more heat gain was observed at the roof that has only bare soil. At 
night, however, small and similar values were found at both roof with bare soil and 
roofs with plants. The results indicate that plants have limited effect on reducing heat 
transfer through the structure during night time. The thermal protection of vegetation 
should depend on its sun shading effect rather than the insulation property. Therefore, 
the heat gain during night time was reduced mainly due to additional insulation effect 
of the soil layer. Table 1 shows the calculated total heat over a typical day. It is worth 
mentioning that total heat gain over a day was remarkably reduced to 297.2KJ 
(around 40% of the heat gain through the bare roof) with the introduction of bare soil 
layer. With the presence of plants, the total heat gain over a day was further reduced. 
The minimal heat gain, around 164.3KJ (around 22% of the heat gain through the 
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Figure 5. 7. Comparison of heat flux transferred through different roof surfaces on 4 November. 
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The ambient air temperatures were measured at different heights, 300mm, 600mm, 
1000mm, above the hard surface and the vegetation part respectively. For ambient 
air temperatures measured above both hard surface and vegetation, higher air 
temperatures were observed at lower heights during daytime. The result indicates 
that both hard surface and vegetation, which were exposed to the strong solar 
radiation, had high surface temperatures, which subsequently influenced the ambient 
air temperature by distance. With better ventilation and higher positions, the ambient 
air temperatures measured at 1m heights above both hard surface and vegetation 
were obviously lower than that measured at lower levels during daytime. The 
comparison of ambient air temperatures measured with and without plants further 
revealed the different situations observed above the hard surface and vegetation 
(see Figure 5. 8). The ‘cooling effect’ of plants can be found from afternoon to the 
sunrise of next day. As the cooling effect of vegetation was restricted by distance, the 
temperature decrease caused by plants measured at 1m height was not as obvious 
as that measured at 300mm. The maximum temperature difference was 4.2ºC, 
measured at 300mm height, around 1800 h. 
 






































































 Ambienr air temperature measured above hard surface
 Ambient air temperature measured above vegetation
 
Figure 5. 8. Comparison of ambient air temperatures measured with and without plants at 
300mm heights on 3 and 4 November. 
 
Based on the ambient air temperatures, global temperatures, and air velocity 
measured at 1m heights, the Mean Radiation Temperatures (MRT) above the hard 
surface and vegetation was calculated. Maximum differences of the global 
temperature and the MRT were 4.05ºC and 4.5ºC respectively just after sunset 
(between 1800 and 1900h).  Without direct sunshine, the radiative load mainly 
depends on the amount of long wave radiation emitted from surrounding surfaces. 
Since it was heated by solar radiation during daytime, the hard surface had higher 
surface temperature and therefore emitted more long-wave-radiation to the 
surrounding environment at night. Green plants, on the other hand, can absorb part 
of the incoming solar radiation and protect surface beneath from high surface 
temperature. The long wave radiation emitted from the vegetation, therefore, is much 
less than that emitted from the hard surface. 
 
 
CHAPTER 5 BACKGROUND STUDIES II (MICRO SCALE) 
 128
Figure 5. 9 shows the comparison of measured values of the irradiated and reflected 
solar radiation from both hard surface and vegetation on 6th and 7th November. The 
measurement was conducted with solar meters hanging upside down at 300mm 
heights above both hard surface and vegetation parts. Values measured above 
vegetation were absolutely lower than that measured above hard surfaces during 
daytime. The maximum variation of 109w/m2 was found at noon when the incoming 
solar radiation was strongest of the day. It is consistent with the fact that green plants 

































































Calculated MRT above hard surface
Calculated MRT above vegetation
 
Figure 5. 9. Comparison of MRTs calculated with and without plants at 1m heights on 3 and 4 
November. 
 
Based on the above data, an energy simulation has been done (see Figure 5. 10 to 
Figure 5. 12). It could be concluded that the roofing materials had a great impact on 
the heat transfer through the roof. Figure 5. 10 shows large difference in the energy 
consumption between the exposed roof and the typical flat roof: the energy reduction 
is 29MWH (19.5%). Furthermore, there is a significant reduction in the space cooling 
load and the peak space load of the typical flat roof as compared to the exposed roof. 
For the five-story building, the space cooling load reduced by 150.81MWH (76.5%) 
 
CHAPTER 5 BACKGROUND STUDIES II (MICRO SCALE) 
 129
and the peak space load reduced by 70.14KWH (76.3%) as reflected in Figure 5. 11 
and Figure 5. 12.  
 
The comparison between the exposed roof and rooftop gardens (the exposed roof as 
base case) revealed that the installation of rooftop garden on exposed roof has 
significantly reduced the heat gain into the building. The annual energy consumption 
has reduced by 19MWH (9.5%) (rooftop covered by 100% turfing) to 29MWH (19.5%) 
(rooftop covered by 100% shrubs) for the five-story commercial building. The space 
cooling loads reduced by 92.94MWH (47.1%) (rooftop covered by 100% turfing) to 
155.85MWH (79.0%) (rooftop covered by 100% shrubs), and the peak space load 
reduced by 43.1KWH (46.9%) (rooftop covered by 100% turfing) to 72.48KWH 
(78.9%) (rooftop covered by 100% shrubs). The reductions in the annual energy 
consumption with the installation of the rooftop gardens on exposed rooftop imply 
that the overall running cost of the building will decrease. 
 
The comparison between the typical flat roof and rooftop gardens (the typical flat roof 
as base case) revealed that the installation of rooftop garden on a typical flat roof 
also reduced the heat gain into the building, but the reductions were less significant 
than those caused by the installation of rooftop garden on the exposed roof. The 
annual energy consumption can be reduced by 1MWH (0.6%) (rooftop covered by 
100% turfing) to 3MWH (1.8%) (rooftop covered by 100% shrubs) for the five-story 
commercial building. The space cooling loads can be reduced by 7.91MWH (17.0%) 
(rooftop covered by 100% turfing) to 21.86MWH (47.1%) (rooftop covered by 100% 
shrubs), and the peak space load can be reduced by 3.69KWH (17.0%) (rooftop 
covered by 100% turfing) to 12.66KWH (58.2%) (rooftop covered by 100% shrubs).  
 
The simulated results revealed that although installation of vegetation on the 
exposed roof and the typical flat roof would both result in the reduction of heat gain 
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into the five-story commercial building, the reductions caused by rooftop garden on 
the exposed roof (the exposed roof as base case) were more significant than those 
on the typical flat roof (the typical flat roof as base case). The results also show that 
for the comparison of the three types of vegetations, shrubs have the most significant 
reduction of heat gain into the building, while turfing has the least reduction. This 
might be due to the higher value of Leaf Area Index (LAI) of shrubs and the relatively 



































Exposed roof Typical flat roof
 
Figure 5. 10. Comparison of annual energy consumption for different types of roofs for a five-






























Exposed roof Typical flat roof
 
Figure 5. 11. Comparison of space load component (total building load) for different types of 





























Exposed roof Typical flat roof
 
Figure 5. 12. Comparison of peak space load component (total building load) for different types 
of roofs for a five-story commercial building. 
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5.1.2 Extensive rooftop garden  
To explore the thermal impacts of four extensive rooftop greenery systems, a before 
measurement and an after measurement was carried out in a multi-storey carpark in 
a housing estate (see Figure 5. 13 and Figure 5. 14). 
 
     
Figure 5. 13. The multi-storey carpark in a housing estate (Before). 
 
     
Figure 5. 14. The multi-storey carpark in a housing estate (After). 
 
The rooftop of the multi-storey carpark is divided into four equivalent areas 
represented by G1, G2, G3 and G4. The measurement points are illustrated in Figure 
5. 15.  For every plot, there are two locations for measuring surface temperatures 
(left and right). The surface temperatures of exposed roof were measured during the 
before measurement while those of roof and substrate measured during the after 
measurement. For every measurement point, thermocouples were placed in close 
contact with the surface to capture accurately the surface temperatures. Two sets of 
Yokogawa data loggers were employed to record the surface temperatures. Except 
for the surface temperatures, ambient air temperatures and reflected global radiation 
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were measured by mini Hobo data loggers and solarimeters at different heights for 
every plot where a tripod was placed in the centre.  Hobo data loggers were housed 
inside white wooden boxes which have ventilation holes on both sides and 
solarimeters were hanged upside-down. They were all secured to the tripod for 
measuring the following parameters at different heights (300mm, 1200mm for 
ambient air temperature measurement and 800mm for reflected global radiation). Six 
weather parameters, namely, ambient air temperature, relative humidity, solar 
radiation, wind speed, wind direction and rainfall, were monitored with the use of 
Hobo weather station which was placed in the center of the rooftop.  
 
Figure 5. 15. The measurement points selected on the rooftop of the multi-storey carpark. 
 
The surface temperature is a major indicator which can determine the thermal 
performance of measured objects. The surface temperatures were measured on 
exposed rooftop and subsequently covered by different types of extensive rooftop 
gardens. Surface temperatures measured on G4 were used to interpret the thermal 
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Compared to surface temperatures measured on exposed rooftop during the before 
measurement, the surface temperatures of rooftop measured during the after 
measurement were much lower. The fluctuations were also minimal (within 4°C). It is 
understandable simply because the thermal protection of the holistic system, 
waterproof layer, drainage layer, rooting materials, vegetation, and so forth covered 
above these locations. 
 
However, compared to surface temperatures measured on exposed rooftop during 
before session, the surface temperatures measured on the substrates but under 
different vegetations were mostly higher during the daytime.  The maximum surface 
temperature can be up to around 60 °C (G4). It is amazing since the surface 
temperatures were measured under vegetation rather than exposed surface. 
Possible reason for such high surface temperatures are:  
 
• the colour of substrates are mostly dark-colour which will absorb more solar 
heat and easily incur higher surface temperatures;  
• thermal capacities of substrates of the extensive roof garden systems are 
rather small compared to the intensive system. With thin layer and light-
weight substrate, the heat can easily build up during the daytime and easily 
dissipate at night. This is the reason why the fluctuation of surface 
temperatures of substrate surface is so large.  
• the vegetation growing on the rooftop gardens is not very extensive. 
Therefore, the thermal protection is limited.  
• A prolonged drought period was experienced before the measurement, 
therefore the substrate is very dry and evaporative cooling effect is marginal. 
 
 

























































































roof-tem-before roof-tem-after soil-tem-after  
Figure 5. 16. Comparison of surface temperatures measured on G4 during the drought period. 
 
To further explore the thermal performance of four extensive rooftop greenery with 
higher substrate moisture, data derived from a rainy period were compared to those 
obtained from the before measurement. The thermal performance of rooftop 
greenery systems is obviously better than that during the previous drought period 
using G4 as an example (see Figure 5. 17). Maximally, over 18°C of surface 
temperature decrease was observed in G3 around 1400 hr. Extremely high surface 
temperatures of the substrate did not occur in this period of time. It could be 
explained by the combined effects of lower ambient air temperature, higher substrate 
moisture and discontinuous sunshine.  
 






















































































roof-tem-before roof-tem-after soil-tem-after  
Figure 5. 17. Comparison of surface temperatures measured on G4 during the rainy period. 
 
The surface temperatures of substrates and exposed surface were compared as well 
(see Figure 5. 18). All locations within the systems experienced lower surface 
temperatures. Compared to extreme scenarios (measured on 22nd to 23rd Feb 2004), 
the extensive rooftop greenery performed well in some days when the substrate is 
not very dry. The maximum difference of surface temperature between exposed 
surface and substrate surface was around 20°C which is observed in G3. In terms of 
foliage density, G3 is not the best case. Therefore, the lowest surface temperature 
observed in G3 indicates that it is not caused by the shading effect of vegetation 
alone but the whole system including the substrate.  
 
 






















































































G1 G3 G2 G4 Expose 1 Expose 2  
Figure 5. 18. Comparison of substrate surface temperatures with exposed surface temperatures. 
 
The obvious benefit of implementing rooftop greening is the thermal protection 
provided by the holistic system. Heat flux through the roof slab before and after was 
calculated with reference to surface temperatures and the thermal characteristics of 
the structure (see Table 5. 1). Heat gain refers to the heat transfer from above the 
slab to below the slab while heat loss is the reverse process. It is clear that overall 
heat gain through the slab is greatly reduced due to the installation of extensive 
systems.  G3 performs very well in terms of preventing heat gain. Over 60% of heat 
gain can be reduced.  In terms of thermal protection provided by vegetation, G3 is 
not the best case. The combined effect of the whole system, especially when the 
polyurethane layer used as a water drainage and water reservoir layer for this 
particular green roof system, results in less heat to be transferred through the system. 
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Table 5. 1. The comparison of total heat gain/loss over a clear day (22nd Feb 2004) on the rooftop 
before and after. 
Location Total heat gain/m2 
over a day (KJ) 
Total heat loss/m2 
over a day (KJ) 
G1 before 1681.3 0.9 
G1 after 1072.0 301.8 
G3 before 2638.9 0 
G3 after 864.6 213.1 
G2 before 2079.1 0 
G2 after 1335.7 1.2 
G4 before 2117.0 0 
G4 after 864.5 561.7 
* The thickness of the concrete slab is 250mm and its R value is calculated to be 0.17m2 K/W 
 
For every individual rooftop garden, ambient air temperatures were measured at 
different heights. Basically, the closer the measurement conducted to the surface, the 
higher the ambient air temperatures experienced during the daytime. It occurred both 
during the before and the after measurement but it was more intense during the after 
measurement. Furthermore, peak ambient air temperatures measured above 
vegetated areas are all higher than those measured above exposed hard surface 
although weather data shown relatively close ambient air temperatures for both the 
before and the after measurement during the day time. The high surface 
temperatures of substrate may have predominant impact on ambient air 
temperatures measured at different heights. During the day time, the substrates work 
like a ‘heat source’. The weak evapotranspiration effect of vegetation has been totally 
blurred. At night, the ambient air temperatures measured above vegetated areas are 
all lower than those measured above exposed roofs. It is mainly due to the change of 
weather condition during two sessions. From the temperature profiles, it is also 
observed that the cooling effect of plants is minimal except for G2 where the 
temperature difference during the daytime was not much for different heights while 
the difference became more noticeable at night. Inversely, the closer the 
measurement was done to the vegetated areas, the lower the ambient air 
temperatures occurred. The lowest ambient air temperatures were observed, which 
is around 1°C lower than others. It means that vegetation was working as a ‘cooling 
source’. All these are due to relatively extensive greenery in G2 (see Figure 5. 19).  
 
























































































300mm before 1200mm before 300mm after 1200mm after  
Figure 5. 19. Comparison of before-after ambient air temperatures measured in G2 (3rd and 4th 
Jun 2003 vs. 22nd and 23rd Feb 2004). 
 
The worse scenario was found in G4 (see Figure 5. 20). At heights of both 300mm 
and 1200mm, the maximum temperature difference between the before and the after 
measurement during daytime are all observed at G4. They are 6.1 and 3.8°C 
respectively.  The worse situation may be caused by the dark-colour substrate, the 
high surface temperatures, and sparse vegetation. The performance of the rest of the 
two extensive systems (G1 and G3) is in-between G2 and G4. There is no clear 
evidence showing the cooling effects of plants during both daytime and nigh time. 
 
 
























































































300mm before 1200mm before 300mm after 1200mm after  
Figure 5. 20. Comparison of before-after ambient air temperatures measured in G4 (3rd and 4th 
Jun 2003 vs. 22nd and 23rd Feb 2004). 
 
In conclusion, the cooling effect of all four extensive systems was minimal in terms of 
reducing ambient air temperature. The closer the measurement was done to the 
vegetated area, the higher the ambient air temperature was observed during the day 
time. It indicates the cooling effect of vegetation, if any, had been disturbed by the 
substrates with high surface temperature. At night, ambient air temperatures 
measured at different heights were more or less the same. The cooling impact can 
only be observed in G2.   
 
The reflected global radiation from the rooftop was measured at all four areas. 
Basically, reflected radiation measured during the after measurement was lower than 
that measured during the before measurement. It could be explained by that the 
original smooth concrete surface which was replaced by extensive rooftop gardens.  
Less direct and diffuse reflected radiation can be measured. However, it could not be 
concluded that long-wave radiation emitted from rooftop has decreased. On the 
contrary, long-wave radiation emitted from vegetated areas may be increased since 
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high surface temperatures of substrates were experienced during the daytime. G4 
(see Figure 5. 21) presented the best scenario since more than 50% of peak 
reflected radiation had been decreased after the installation of the extensive system. 
It is probably due to the darker colour of the substrate. Radiation was absorbed 
rather than reflected back. The performances of the rest systems were similar and 

































































































Before After  
Figure 5. 21. Comparison of reflected global radiation measured at G4 (3rd and 4th Jun 2003 vs. 
22nd and 23rd Feb 2004). 
 
To visually compare the performances of four systems, a group of infrared pictures 
were taken on 1st April 2004 and 3rd November 2004 respectively (see Figure 5. 22 to 
Figure 5. 25). On 1st April 2004, the difference between G1 and G3 can easily be 
observed from Figure 5. 22. Basically, the surface temperature of G3 was lower than 
G1 when the plot was fully covered by groundcover. However, the surface 
temperature could be very high (even higher than the exposed concrete surface) in 
G3 where the substrate was exposed without greenery. The maximum temperature 
difference between well planted area and exposed substrate can be up to 20°C. G1 
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was covered by clusters of shrub and the substrate was not well covered at some 
locations where higher surface temperature was experienced. On 3rd November 2004, 
G1 was well covered by the garden system compared to the situation observed on 1st 
April 2004 (see Figure 5. 23). Therefore, the thermal performance of G1 in terms of 
surface temperatures is better than that of G3. There is no much difference in G3 
between the system observed on on 1st April 2004 and 3rd November 2004.    
 
The differences between G2 and G4 can be observed from Figure 5. 24 and Figure 5. 
25. On 1st April 2004, G2 was better than G4 in terms of greenery coverage. The plot 
of G2 was well shaded by vegetation and its surface temperature was relatively lower. 
On the other hand, G4 was mostly exposed and its surface temperatures were high. 
On 3rd November 2004, G4 was well covered by the system and exposed a good 
performance although the result was still not as good as G2.  
 
The visual comparisons of four roof systems indicate that the coverage of greenery 
play an important role in achieving good thermal performance. Lower surface 
temperature was observed where extensive greenery was presented.  On the other 
hand, systems with substrates exposed to strong sunshine may incur high surface 
temperatures and experience worse thermal conditions during the daytime. 
Sometimes the surface temperature of exposed substrate was even higher than the 
exposed concrete surface. Since low maintenance strategy has been implemented 
for all four extensive systems, the growing condition of vegetation should be a big 
concern for choosing proper extensive systems in the future. 
 
 





Figure 5. 22: Comparison of G1 and G3 (1st April 2004). 
 





Figure 5. 23. Comparison of G1 and G3 (3rd November 2004). 
 
 






Figure 5. 24. Comparison of G2 and G4 (1st April 2004). 
 
 





Figure 5. 25. Comparison of G2 and G4 (3rd November 2004). 
 
5.2 Rooftop experiment  
 
Apart from the measurements carried out at the real rooftop gardens, a separate 
experiment has been carried out in order to capture the linkage between the LAI 
value of horizontally placed plants and their corresponding impacts. The experiment 
can be treated as a pilot test for the later experiment carried out for calculating the 
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new concept (green sol-air temperature). Leaf Area Index (LAI) has been defined as 
the total one-sided area of leaf tissue per unit ground surface area or the ratio of the 
total area of all leaves on a plant to the area of ground covered by the plant (Watson 
1947 & Breda 2003). According to the definition, the LAI would be 1 if a plant has 
only one layer of leaves and they are placed next to each other without gaps. LAI is 
the key parameter which can influence both the within and the below canopy 
microclimate, canopy water interception, radiation extinction, water and carbon gas 
exchange, and so forth. Previous measurements already indicated the cooling 
impacts caused by greenery in the form of parks or rooftop gardens. But the cooling 
impacts of plants are not really quantitatively linked to Leaf Area Index, which may 
govern the performance of vegetation on the microclimate. Therefore, a control 
experiment has been built up on a rooftop to explore the correlation between different 
LAIs and corresponding thermal impacts.  
 
The basic setup of every experimental box includes a 1m by 1m by 1m steel frame, a 
1m by 1m by 0.1m concrete slab, insulation material (polyethylene and aluminium foil) 
and rolling wheels. The insulation has been applied at four vertical facades and the 
bottom side (Figure 5. 26). One side of the concrete slab is exposed for further 
treatment in the experiment. Different vegetation and soil layer were placed on the 
top of some experimental box. For the control purpose, only soil layer was placed on 
the top of a box and a box with exposed concrete surface were set up as well. 
 
CHAPTER 5 BACKGROUND STUDIES II (MICRO SCALE) 
 148
 
Figure 5. 26. The basic setup of the experimental box. 
 
The experiment was carried out on one of the rooftops of National University of 
Singapore, Department of Building. They are placed at reasonable interval without 
interfering each other. Three types of plants were employed during the course of the 
experiment.  The first type is a sparse red shrub.  The LAI measurement is 
approximately 1.5.  The second one is a dense green shrub with LAI value of around 
5.5. These two shrubs were planted on top of the intensive boxes. The extensive one 
was planted with turf and its LAI value is approximately 3.3.  
 
The first phase of the experiment was carried out from 13th July 2003 to 2nd 
September 2003, a total of fifty-two days.  Out of these fifty-two days, the 
temperature profile of a typical day was plotted (see Figure 5. 27).  It presents the 
clear differences caused by different types of plants especially during the daytime. 
The soil surface temperature fluctuated greatly for the setups without plants.  The 
extensive control gives the largest fluctuation of 30°C, followed by bare concrete 
surface fluctuation of 25°C and intensive control’s fluctuation of 18°C. In addition to 
the fact that the three setups with plants registered much smaller temperature peaks 
and troughs, the soil surface temperature fluctuation was also small.  This is 
especially so for turf and the dense green plants, with a mere fluctuation of 3°C.   
 






















































































































exposed surf no turf no shrub red turf dense  
Figure 5. 27. Surface temperatures measured at different locations in a clear day (11th Aug 2003). 
 
The correlation analysis between ambient air temperature and surface temperatures 
measured under different types of plants (see Figure 5. 28). Firstly, high R square 
values (0.72 to 0.76) for all three linear regressions indicate that there is close 
correlation between ambient air temperature and surface temperatures under 
different types of plants. Secondly, the different gradients of three regressions follow 
the observation of previous temperature profiles. Basically, the higher the LAI, the 
higher the surface temperature of soil can be experienced when the ambient air 
temperature increases. An interesting finding is that there is a point of intersection 
between the trend of red plants with trends of turf and green plants respectively. 
Before the point of intersection, the surface temperature of soil under red plants is 
lower than the other two plants respectively. It may occur mostly during the night time 
when sparse plants may have better ability in dissipating the heat stored in the 
experimental box. During the daytime, the inverse situation occurs since the ability of 
sparse red plants in providing shading is not as good as the rest of the two plants.   
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red plants turf green plants Linear (red plants) Linear (turf) Linear (green plants)  
Figure 5. 28. The correlation analysis between ambient air temperature and soil surface 
temperatures measured under different types of plants over a period from 2nd to 15th August. 
 
The experimental boxes were all well sealed and thermally protected at all four sides 
and at the bottom. Hence, it can be inferred that heat enters from the top section 
during the daytime and escape by the same channel at night. From Figure 5. 29, it 
can be seen that the temperature profile during the day time is in the following order 
generally starting from the highest: exposed surface, extensive control, intensive 
control, turfing, sparse red plants and dense green plants. The air inside the exposed 
setup is the hottest as there is nothing on its surface to block off solar radiation and 
reduce the heat flux reaching the inside. Similar to the earlier observations, those 
boxes without plants would have profiles higher than those with plants during the day 
time. The profile for turfing is the highest among the boxes with plants, followed by 
sparse red plants and dense green plants.  Although turfing has a higher LAI than 
sparse red plants, the interior ambient temperature is still higher. It is due to the 
overall thermal resistance of the build up layers of the extensive box is not as good 
as intensive ones.  But by comparing intensive setups, it can be seen that dense 
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green plants with a higher LAI than sparse red plants can effectively reduce the 
interior ambient temperature during the day. At night, the inverse situation occurs 
between exposed box and the rest boxes. The heat built up in the daytime in the 
exposed box can escape easily during the night. However, profiles of the rest boxes 
at night more or less follow the orders occurred during daytime. On one hand, it 
indicates that heat is not easily escaped from the boxes due to good heat insulation 
of built up layers. On the other hand, the blockage of heat escape caused by plants is 
not very noticeable. Otherwise, the control boxes may have lower interior 





































































































































exposed surf no turfing no shrubs red shrubs turfing green shrubs  
Figure 5. 29. The comparison of interior air temperatures measured at different experimental 
boxes (11th – 12th Aug 2003). 
 
The 2nd phase of the experiment was carried out with cool air being introduced into 
the boxes. The box with the red plants and the exposed box were compared. Figure 
5. 30 and Figure 5. 31 present the temperature profiles generated from two boxes. 
The relatively constant internal temperatures were successfully created inside both 
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boxes. It did not exceed 20oC throughout 24 hours.  Therefore the path of heat flux is 
actually from outside to inside all the time. The surface temperatures measured on 
the soil surface are not significantly influenced by interior condition but rather the 
outdoor weather condition. Maximally 10.9oC difference was observed at around 
1440 hr. At night, constantly 0.9 to 1.2 oC difference was obtained. These 
observations accord with the 1st round of preliminary measurement and indicate the 
plants have positive effect on dissipating incoming solar radiation during the daytime 
















































































































































Surface T (above soil) Soffit surface T Interior air T Surface T (below soil)  
Figure 5. 30. The temperature profiles of the control box. 
 

















































































































































Surface T (above soil) Soffit surface T Interior Air T Surface T (below soil)  
Figure 5. 31. The temperature profiles of the box with red plants. 
 
To further compare the cooling energy consumption of different boxes, an 
accumulative comparison of energy use was conducted (see Figure 5. 32). It is found 
that the box with plants is not always able to accrue energy savings. It actually 
consumes more cooling energy before late afternoon (around 1630 hr). Afterwards 
the accumulative contribution of solar protection caused by plants emerged. Finally, 
the overall energy that can be saved is 89KJ which is equal to the overall energy 
savings. It is important to note that, the red plants are sparse with the LAI value of 
around 1.5 only. Denser plants would offer greater solar protection and accrue more 
energy savings.                                                                                                                                       
 
 























































































































































without plants With plants  
Figure 5. 32. The comparison of cooling energy use for different boxes. 
 
5.3 Vertical shading 
 
As an ecological approach, vertical landscaping also brings thermal benefits to 
inhabitants and urban climate. Although Singapore is a Garden city, little attention 
has been paid to strategically introducing vertical landscaping into local buildings. 
Some preliminary measurements have been done to highlight the impacts of plants 
over building facades.  
 
The first measurement was done on the east-facing facades of two factory buildings 
along Changi South Street 1. One façade (F1) is well protected and surrounded by 
trees planted while the other façade (F2) is exposed (see Figure 5. 33). The external 
and the internal surface temperatures were measured by thermal-couple wires and 
Yokogawa data logger. There are two pairs of measurement points in F1 and three 
pairs of points in F2 (see Figure 5. 34). Only one pair of points was set for an air-
conditioning space which is an office in F2.   
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External measuring point location
Internal measuring point location
Weather Station location
Out 1
In 2 Out 2
In 2 Out 2
In 1 Out 1
In 3 Out 3
     
Figure 5. 34. The measurement points and Yokogawa data logger. 
 
The direct impact of shading caused by trees in close proximity is the reduction of 
surface temperature on the protected façade. This impact can easily be observed 
under a clear climatic condition.  A clear day, 20th June 2005, has been chosen to 
demonstrate the effect of tree shadings on the vertical facades (see Figure 5. 35). 
The external surface temperatures can be reduced due to the shading provided by 
trees. The maximal and average surface temperature differences between F1 and F2 
are 7.9°C and 2.5°C respectively. Even at night, a difference of around 2°C can be 
still observed. This, however, is not due to the shading effect of the trees but their 


















































































































































F1 without trees F2 with trees  
Figure 5. 35. The comparison of average external surface temperatures measured on F1 and F2 
on a clear day (20th June 2005). 
 
The impacts of the trees have also been reflected by the variation of the internal 
surface temperatures (see Figure 5. 36). Without any shading from trees, the internal 
surface temperatures measured in F1 were almost the same. The internal surface 
temperatures measured in F2, on the other hand, were generally lower than those 
obtained from F1. But their variations were very much governed by the surrounding 
conditions. The point F2 (in 2) was behind the relatively sparse foliage while the point 
F2 (in 1) was behind the dense one. The difference in temperature of around 1°C 
between the point F2 (in 1) and the point F2 (in 2) demonstrates the indirect effect 
from the surrounding green area. The lowest temperatures recorded at F2 (air-con) is 
simply due to the influence of the air-conditioning.   
 





















































































































































F1 (in1) F1 (in2) F2 (in1) F2 (in 2) F2 (air-con)  
Figure 5. 36. The comparison of internal surface temperatures measured in F1 and F2 on a clear 
day (20th June 2005). 
 
The possible cooling energy savings can be obtained by calculating the heat flux 
through the walls with and without shading from trees. Since there is no air-con 
environment measured in F1, an assumption has been made that the data measured 
in F2 can be applied to an air-con environment in F1. It is found (see Figure 5. 37) 










air-con with trees air-con without trees
 
Figure 5. 37. The average cooling energy saving caused by trees on east-facing wall. 
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It is important to note that the tested walls are of a light colour with high reflectivity 
values. This means that less energy savings or reduction of surface temperatures 
can be achieved as compared to those dark-coloured walls.   
 
In order to explore the surface temperature variation caused by plants over the 
facades with dark colour, another measurement has been carried out in two industrial 
buildings (see Figure 5. 38). The western façade F3 is relatively exposed while the 
western façade F4 is well shaded by trees. Similar instruments and measurement 
method employed in the previous measurement are applied to F3 and F4.  
 
       
Figure 5. 38. The two west-facing orientations (left – F3; right – F4). 
 
A long term comparison of the temperature variations with and without tress is shown 
in Figure 5. 39.  The outstanding shading effect of trees can be reflected by a narrow 
span of temperature variation. It can be observed that the reduction occurs mainly at 
the max-whiskers which should be detected during daytime when solar radiation is 
strong. The trees can effectively intercept the incident solar radiation and generate a 
lower surface temperature behind them on the façade. On the other hand, there is no 
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significant difference that can be observed between the two min-whiskers. It indicates 
that the impacts caused by trees at night are not apparent. The mean surface 
temperature derived behind the trees is 28.7°C while that obtained from the exposed 
façade is 30.1°C.  
 
 
Figure 5. 39. A long term comparison of the surface temperature variations with and without 
trees from 21st Sep. to 7th Dec. 
 
In order to have a closer look on the performance of the trees on reducing the 
surface temperatures on the western orientation, the results obtained on two days 
have been selected. Figure 5. 40 shows a comparison made on a relatively clear day. 
The shading effect caused by trees over the western orientation can easily be 
observed during the daytime. Due to the orientation effect, there is a time lag 
between the peak of solar radiation and the peak of external surface temperatures 
measured on the western facades. The maximum temperature difference can be up 
to 13.6°C at around 1530 hr. Figure 5. 41 shows a comparison made on a relatively 
overcast day. Without much direct radiation, the shading effect of trees is mainly 
reflected by the reduction of diffused radiation on the spot.  A temperature difference 
of 7°C can still be observed at around 1550 hr. This finding highlights that the 
positive impact of vertical shading on building facades cannot only be achieved 
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during clear days but also under overcast conditions. On the other hand, the surface 
temperatures are inversely distributed at night compared to those observed during 
the daytime. The difference constantly hovers around 2°C. Without the blockage of 
the foliages, the heat can easily be dissipated by the exposed façade to the 
surroundings. Compared to the significant reduction of surface temperature during 











































































































































With trees Without trees Solar radiation  
Figure 5. 40. The comparison of solar radiation and the surface temperatures measured with and 
without shading from trees on 1st Nov. 2005. 
 































































































































With trees Without trees Solar radiation  
Figure 5. 41. The comparison of solar radiation and the surface temperatures measured with and 
without shading from trees on 15th Nov. 2005. 
 
In conclusion, the possible surface temperature reduction occurred at the building 
facades shaded by plants is not as big as that observed on the rooftops during the 
daytime. It is simply because the overall radiation received at vertical surfaces is not 
as huge as that received by horizontal surfaces. But the surface temperature 
reduction is still very significant especially on those dark-coloured surfaces with high 
absorptivity. All the temperature reduction can be translated into the savings of 
cooling energy consumption. The results support the view that plants should be 
strategically introduced into not only on roofs but also on building facades in order to 




In conclusion, the thermal effect of greenery at micro level is localized. The benefits 
can be reflected by the significant reduction in surface temperatures, and heat flux 
into the indoor environment, reduced reflected radiation towards surroundings, and 
so on, which directly or indirectly contribute to energy savings and thermal comfort in 
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every individual building. The extent of the influence is very much governed by the 
density of introduced greenery, or more specifically, Leaf Area Index (LAI) values. 
Normally, obvious cooling impacts can be observed when trees and shrubs are 
presented on roofs and near facades. On the other hand, sparse vegetation, such as 
turf, has limited impact due to the weak ability of sun shading and evaporative 
cooling. But the combined effect of an integrated system, such as the extensive 
rooftop garden, is still remarkable in terms of reducing heat gain into the indoor 
environment. The ability of reducing the reflected radiation towards surroundings is 
also considerable. With the observations derived from the background studies, it can 
be concluded that the intervention of greenery can be reflected at the micro level. 
The hypothesis generated from the conceptual model has been verified from another 
angle. 
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The primary objective of the experiment is to work out usable regression models from 
the designed experimental setups according to plants’ LAI values. The focus of this 
chapter is the horizontal setup which represents horizontally placed plants around 
buildings, such as rooftop gardens.  
 
6.1 Thermal performance of plants with different LAIs 
 
6.1.1 Temperature within foliage vs. meteorological parameters 
The thermal performance of plants is very much governed by the density of foliage 
(LAI values). It has been fully tested and proven at both macro and micro levels by 
the previous background studies. In the experiment, the air temperatures within the 
foliages of various plants have again been examined according to their 
corresponding LAI values. First of all, the comparisons between temperatures 
obtained from the weather station and those derived within the foliages of plants 
have been carried out over a relatively long period of time. It reflects the average 
impact of plants under the various weather conditions, for example, under sunny, 
cloudy, overcast, rainy conditions, etc.  
 
Figure 6. 1 shows the comparison of air temperatures obtained from the weather 
station and the plants (LAI = 1) which is very sparse. Some general observations are:  
 
• The Max-Min temperature difference – It is 12.7°C (25.2-37.9°C) for the 
weather station while it is 10.6°C (26.0 – 36.6°C) for the plants;  
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• The box difference in the box-and-whisker plot – The middle 50% of the 
observations derived in the weather station is bigger than those obtained from 
the plants;  
• The mean temperature for weather station is 29.7°C while it is 29.6°C for the 
plants; 
• The standard deviation for weather station is 2.9 while it is 2.3 for the plants.  
 
Basically, it can be concluded that the cooling impact of the sparse plants is limited 
since the mean value difference between the temperatures obtained from the 
weather station and the plants is only 0.1°C. The median value obtained from the 
weather data is also smaller than that obtained from the plants. However, with the 
protection of the plants, it seems that the fluctuation of the air temperature can be 
confined to a smaller range. This can be shown by the smaller standard deviation 
and smaller max/min temperature difference observed from the sparse plants.     
  
 
 WeaT LAI 1 
Mean (°C) 29.7 29.6 
Standard Deviation 2.9 2.3 
Figure 6. 1. The comparison of the ambient temperatures measured at weather station (WeaT) 
and the temperatures measured in the foliage (LAI 1) over a long period (Including all weather 
conditions). 
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Figure 6. 2 shows the comparison of temperatures obtained from the weather station 
and within the plants (LAI = 3) which is denser than the first plants. The cooling 
impact can still be observed through the general observations as follows:   
  
• The Max-Min temperature difference – It is 13.8°C (23.6-37.4°C) for the 
weather station and 11.3°C (23.6 – 34.9°C) for the plants;  
• The box difference in the Box-Whisker plot – The middle 50% of the 
observations derived in the weather station is almost double than those 
obtained from the plants;  
• The mean temperature for weather station is 29.5°C while it is 28.7°C for the 
plants; 
• The standard deviation for weather station is 3.3 while it is 2.5 for the plants.  
 
It seems the cooling impact of the plants is better than the sparse plants since the 
mean air temperature difference between the weather station and the plants is 
observed to be up to 0.8°C.  




 WeaT LAI 3 
Mean (°C) 29.5 28.7 
Standard Deviation 3.3 2.5 
Figure 6. 2. The comparison of the ambient temperatures measured at weather station (WeaT) 
and the temperatures measured in the foliage (LAI 3) over a long period (Including all weather 
conditions). 
 
The comparison of air temperatures obtained from the weather station and the 
densest plant (LAI = 5) can be found in Figure 6. 3. Compared it to the first two plants, 
the plants that are very dense can effectively reduce the fluctuation of temperatures 
within the foliage and its remarkable effect can be observed from:  
 
• The Max-Min temperature difference – It is 13.0°C (24.0.2-37.0°C) for the 
weather station while it is only 8.8°C (24.0 – 32.8°C) for the plants. Most 
importantly, the reduction is mainly reflected at the upper whisker (Max); 
• The mean temperature for weather station is 28.9°C while it is 27.7°C within 
the plants. The difference can be up to 1.2°C.  
• The standard deviation for weather station is 3.2 while it is 2.1 for the plants.  
• The median value for weather station is 27.9°C while it is 27.1°C for the 
plants. This is the first time both mean and median values obtained from the 
plants are lower than those derived from the weather station.  
 




 WeaT LAI 3 
Mean (°C) 28.9 27.7 
Standard Deviation 3.2 2.1 
Figure 6. 3. The comparison of the ambient temperatures measured at weather station (WeaT) 
and the temperatures measured in the foliage (LAI 5) over a long period (Including all weather 
conditions). 
 
According to the long term observations derived from the above three graphs, it can 
be concluded that:  
• Plants, regardless of their densities, have the ability to reduce the fluctuation 
of the temperatures within foliage as compared to that obtained from the open 
space.  
• The extent of reducing the fluctuation of the air temperature, however, is 
dependent on the density of the foliage, or more accurately, the LAI values. 
The denser the foliage, the lesser the fluctuation.  
• The plants have limited ability to further reduce the lower whisker (Min) 
although they can reduced the upper one (Max) effectively. It is 
understandable since the extreme low temperatures obtained from the 
experiment were normally recorded at night when plants take no effect by 
shading at all. On the other hand, the extremely high temperatures obtained 
from the open space occur during the daytime when the solar radiation is very 
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high. Plants can effectively reduce the temperatures by providing shading and 
evaporative cooling effects.     
  
The long term observations can provide a good overview of the performances of 
vegetation with different LAIs. On the other hand, it is necessary to look into the 
performances of these plants on some particular days when the sky condition is clear 
and the maximum thermal effect of plants can possibly to be observed.  Figure 6. 4 to 
Figure 6. 6 illustrate the comparisons of temperatures obtained from open space 
(weather station) and within the plants over some clear days. Some general 
observations that can be derived from the comparisons:  
 
• The temperatures obtained at both the open space and within the plants are 
quite similar at night. It seems that the plants cannot vary bound-air-
temperature within the foliage by a large amount at night. The observation 
accords with the long term ones in which the lower whisker of the box-and-
whisker plot which indicates that air temperatures are not greatly reduced by 
the plants;  
• The differences in temperatures between those measured at the open space 
and within the plants are mainly observed during the daytime, especially 
when the solar radiation is at its peak. It indicates that the plants, especially 
the dense ones, can provide effective sun shading and maintain a lower 
temperature condition within the foliages; 
• The temperature difference varies from plants to plants according to their LAI 
values. The maximum difference observed in the sparse plants (LAI = 1) is 
only 1.22°C while it can be up to 4.58°C within the dense ones (LAI = 5); 
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Figure 6. 4 shows the comparison of temperatures obtained from weather station and 
within the very sparse plants.  It seems that the temperature difference between the 
sparse plants and the open space can only be experienced after around 1000hr. But 
they can be observed as early as 0800hr in the denser plants (see Figure 6. 5 and 
Figure 6. 6). The possible reason is that the altitude of the sun is relatively low in the 
morning and the sparse foliage cannot effectively intercept it during this period.   
 
On the other hand, the bound-air-temperature within the sparse plants was also very 
sensitive towards the fluctuation of the ambient air temperature while it was not easily 
observed in the denser plants. On the contrary, a time lag between the peak ambient 
temperature and the peak bound-air-temperature within the densest plants can be 
observed (see Figure 6. 5). It is believed that the plants with high LAI values have the 
ability to maintain a relatively stable bound air condition within the foliage due to the 
outstanding ability of sun shading as well as evaporative cooling. The weak point of 
sparse plants is the lack of leaves. The incoming solar radiation cannot really be 





















































































































































































































































































































































Open space Bond air tem within foliage  
Figure 6. 4. The comparison of the temperatures measured at the weather station and within the 
plant (LAI = 1) on a clear day. 
























































































































































































































































































































































Open space Bond air tem within foliage  
Figure 6. 5.  The comparison of the temperatures measured at the weather station and within the 





















































































































































































































































































































































Open space Bond air tem within foliage  
Figure 6. 6. The comparison of the temperatures measured at the weather station and within the 
plant (LAI = 5) on a clear day. 
 
The above comparisons are conducted for the individual plants only. It is necessary 
to carry out cross comparisons between plants. The aim is to uncover the reason 
why there are differences between the measured plants in terms of their bound air 
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conditions within the foliages. In order to do such cross comparisons, the 
temperatures obtained within the different plants were correlated with the 
corresponding weather data. To ensure an accurate correlation analysis, a full day 
has been divided into three phases according to the variation of the intensity of 
incoming solar radiation as follows:  
 
• From sunrise to 1300 hr – morning; 
• From 1300 hr to sunset – afternoon; 
• The rest time – night.    
 
The correlation at night is the simplest scenario since there is no interference from 
solar radiation (see Figure 6. 7). The temperatures within the foliages still roughly 
follow the sequence of their respective LAI values. The difference is not very great, 
especially when the ambient air temperatures measured from the weather station are 
low during midnight. The measured temperatures within the plants can be even 
higher than the ambient air temperature during this period. Plants work as barriers 
between hard surfaces and the microclimate. They have the ability to maintain a 
relatively stable bound air condition within foliage not only during daytime but also at 
night. On the other hand, the relatively big differences between the temperatures 
measured within the different foliages are observed at nightfall since they inherited 
the corresponding cooling effects during the daytime.  
 
There is no significant correlation observed between the temperature measured 
within plants and wind speed (judged by the very weak correlation in Figure 6. 8). 
The correlation has been carried out between the wind speed and the temperature 
difference (temperature measured at the weather station minus the temperature 
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measured within the foliage) obtained from the sparse plants where the bound-air-
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LAI5 & WeaT LAI3 & WeaT LAI1 & WeaT
Linear (LAI1 & WeaT) Linear (LAI3 & WeaT) Linear (LAI5 & WeaT)  
Figure 6. 7. The correlation analysis of the temperatures measured within the different foliages 
and the temperature obtained from the weather station at night. 


























Tem difference & wind speed Linear (Tem difference & wind speed)  
Figure 6. 8. The correlation analysis of the temperatures difference (Weather Temperature – 
Temperature measured within the LAI1 plants) and wind speed obtained from the weather 
station at night. 
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In the morning, the temperatures within the different foliages all have close 
correlations with not only the ambient temperatures but also solar radiation measured 
at the weather station (see Figure 6. 9 and Figure 6. 10). First of all, the temperatures 
measured within the different plants react to the variation of ambient air temperature 
measured at the weather station. They are all positively related to the elevation of 
ambient air temperature. The sensitivities of the temperatures within the foliages can 
be distinguished by the gradients of their corresponding trendlines (see Figure 6. 9). 
The elevation of the bound-air-temperature within the plants (LAI = 5) is minimal 
while that within the plants (LAI = 1) is very apparent. It accords with the previous 
observation and reiterates the importance of LAI values on maintaining a low and 
stable bound air condition. The variation of the gradients of the trendlines in Figure 6. 
10 are in a sequence which follows their corresponding LAI values as well. The ability 
of intercepting incoming solar radiation is proportional to the increase in the LAI 
values. But it does not mean that the bound-air-temperature and solar radiation 
within foliage can be reduced infinitely. On the contrary, it is believed that no obvious 
improvement can be achieved in terms of decreasing the bound-air-temperature and 
intercepting solar radiation when LAI value approach a certain level. Unfortunately, 
such benchmark has not been established in the experiment since there is still a 
difference between the results obtained from the LAI3 and LAI5 plants.  
 
Again, the correlation between wind speed and the temperature differences 
(temperature measured at the weather station minus the temperature measured 
within the foliage) is very weak in the morning. It can be judged from the loose 
correlation obtained in the extreme case where very sparse plants are supposed to 
be sensitive to the variation of wind speed (see Figure 6. 11).           
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LAI5 & WeaT LAI3 & WeaT LAI1 & WeaT
Linear (LAI5 & WeaT) Linear (LAI3 & WeaT) Linear (LAI1 & WeaT)  
Figure 6. 9. The correlation analysis of the temperatures measured within the different foliages 





























LAI5 & Solar LAI3 & Solar LAI1 & Solar
Linear (LAI5 & Solar) Linear (LAI3 & Solar) Linear (LAI1 & Solar)  
Figure 6. 10. The correlation analysis of the temperatures measured within the different foliages 
and solar radiation obtained from the weather station in the morning. 
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Figure 6. 11. The correlation analysis of the temperatures difference (Weather Temperature – 
Temperature measured within the LAI1 plants) and wind speed obtained from the weather 
station in the morning. 
 
In the afternoon, both the ambient temperatures and solar radiation are decreasing. 
Accordingly, a trend of decreasing in terms of the gradients can still be observed 
from the plants varied from the sparse one to the densest one (see Figure 6. 12). 
From noon to sunset, the rate of temperature decreasing   within the spare plants 
(LAI = 1) is faster than those within the plants of higher densities (LAI = 3 & 5). On 
the other hand, time lags between the peak of solar radiation and the peak of the 
bound-air-temperatures within the foliages can be observed in the afternoon (see 
Figure 6. 13). It has been reflected at the ‘high ends’ of all the three regressions 
where the peak solar radiation does not coincide with the peak bound-air-
temperatures within the foliages. It seems that the peak bound-air-temperatures 
occurred when solar radiation reduces from 850W/m2 to 750W/m2.   
 
The weak correlation can be still observed between wind speed and temperature 
differences between the plants and the weather station (see Figure 6. 14).  
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LAI5 & WeaT LAI3 & WeaT LAI1 & WeaT
Linear (LAI5 & WeaT) Linear (LAI3 & WeaT) Linear (LAI1 & WeaT)
 
Figure 6. 12. The correlation analysis of the temperatures measured within the different foliages 































LAI5 & Solar LAI3 & Solar LAI1 & Solar
Linear (LAI5 & Solar) Linear (LAI3 & Solar) Linear (LAI1 & Solar)  
Figure 6. 13. The correlation analysis of the temperatures measured within the different foliages 
and solar radiation obtained from the weather station in the afternoon. 
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Figure 6. 14. The correlation analysis of the temperatures difference (Weather Temperature – 
Temperature measured within the LAI1 plants) and wind speed obtained from the weather 
station in the afternoon. 
 
6.1.2 Leaf surface temperature vs. meteorological parameters 
Apart from measuring the bound-air-temperatures within the foliages, the surface 
temperatures of the leaves were also measured at the different plants. As mentioned 
earlier, the surface temperatures of the leaves had been measured by not only at one 
measurement point but five for the horizontal setup. Ultimately, the leaf surface 
temperature is represented by the average value of the five measurement points. 
The comparisons of the ambient air temperatures obtained at the weather station, the 
bound-air-temperatures measured within plants and the average leaf temperatures 
are shown from Figure 6. 15 to Figure 6. 17.  
 
It is clear that the average leaf surface temperatures measured at the different plants 
(LAI ranges from 1 to 5) are all lower than the corresponding bound-air-temperatures 
measured within the plants. It indicates that plants are actually ‘cooling sources’ 
which can consume external energy through the processes of photosynthesis and 
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evapotranspiration and bring tangible thermal benefits not only to the shaded area 
but also surroundings through long-wave heat exchange.  
 
On the other hand, the difference between the average leaf surface temperatures 
and the bound-air-temperatures within plants is also much related to the LAI values. 
With relatively lower bound-air-temperature during the daytime, the difference 
between the leaf surface temperatures and the bound-air-temperatures within the 
densest plants is not very apparent (see Figure 6. 17) as compared to those obtained 























































































































































































































































































































































WeaT Ave LSurf LAI1T  
Figure 6. 15. The comparison of ambient air temperature (weather station), bound-air-
temperature and average leaf surface temperature within plants (LAI = 1) on a clear day. 

































































































































































































































































































































































WeaT Ave LSurf LAI3T  
Figure 6. 16. The comparison of ambient air temperature (weather station), bound-air-






















































































































































































































































































































































WeaT Ave LSurf LAI5T  
Figure 6. 17. The comparison of ambient air temperature (weather station), bound-air-
temperature and average leaf surface temperature within plants (LAI = 5) on a clear day. 
 
 
6.2 Regression models 
 
Some decisions have been made before the regression models are developed:  




• From the previous observations derived from the experiment (Figure 6. 7 to 
Figure 6. 14), the bound-air-temperatures measured within the foliages all 
attained good correlations with solar radiation and the ambient air 
temperatures measured at the weather station.  But the correlation between 
the bound-air-temperatures and wind speed is very weak. The regression 
model will therefore exclude wind speed as one of the independent variables.   
 
• Another concern is determining the dependant parameter. Using the absolute 
value of the bound-air-temperature to be the dependant parameter will place 
too much reliance on experimental conditions and cause bias in the future 
prediction. The difference between the bound-air-temperature and the 
ambient air temperature, on the other hand, is a good dependant variable 
which will consider the relative difference instead of the absolute value.  
 
• The sol-air temperature concept focuses on the daytime when solar radiation 
is experienced.  Based on it, the corresponding Green sol-air temperature will 
also target the same period. On the other hand, the difference between the 
bound-air-temperatures and the ambient air temperatures is very marginal at 
night (judged from Figure 6. 4 to Figure 6. 6). It is normally less than 1°C.  For 
a rough estimation, it is acceptable to replace the bound-air-temperature 
within the foliage with the ambient air temperature at night.   
 
Daytime is further subdivided into morning and afternoon again according to the 
symmetric of the solar radiation profile at around 1300hr. Before the corresponding 
multi-regression functions are set up, it is necessary to examine the correlation 
between the dependant variable and every independent variable.  




The correlation analyses in the morning session with the different plants can be 
found from Figure 6. 18 to Figure 6. 23. The temperature difference between the 
ambient air temperature measured at weather station and the bound-air-temperature 
measured within plants has been correlated with solar radiation and natural logarithm 
of the ambient air temperature respectively for the plants with LAI values of 1, 3 and 
5. From Figure 6. 18 and Figure 6. 19, it has been observed that the correlations are 
not very good in the very sparse plants (LAI = 1). Both the R square values are less 
than 0.7. On the other hand, the high correlations with the R square values 
exceeding 0.9 have been found in the denser plants (LAI = 3&5) from Figure 6. 20 to 
Figure 6. 23.  
 
It seems that the results arising from the current correlation analyses vary slightly 
from the previous observations that all the three bound-air-temperatures within the 
plants have good correlations with the ambient air temperatures and solar radiation 
(see Figure 6. 9 and Figure 6. 10). From the previous observation, the good 
correlations between them and the meteorological data indicate that the bound-air-
temperatures within plants respond to the surrounding weather condition very well. In 
the morning, all ambient air temperature and solar radiation follow the increasing 
trend. The bound-air-temperatures within the plants should follow the same trend. 
However, if the foliage is dense enough, plants can delay the trend and create a 
relatively stable bound air condition which helps to maintain a consistent temperature 
difference between the bound air and the ambient temperatures. That is the reason 
why good correlations have been found from Figure 6. 20 to Figure 6. 23 and weak 
ones have been observed in the very sparse plants (see from Figure 6. 18 and 
Figure 6. 19). Basically the sparse vegetation has limited ability to delay the 
increasing trend and create consistent differences between the bound-air-
temperatures and the ambient air temperatures.   
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Figure 6. 18. The correlation analysis between the temperature differences (ambient temperature 
measured at the weather station minus bound-air-temperature measured within foliage) and 
solar radiation for the plants (LAI = 1) in the morning. 

























Figure 6. 19. The correlation analysis between the temperature differences (ambient temperature 
measured at the weather station minus bound-air-temperature measured within foliage) and 
natural logarithm of the ambient air temperatures measured at the weather station for the plants 
(LAI = 1) in the morning. 
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Figure 6. 20. The correlation analysis between the temperature differences (ambient temperature 
measured at the weather station minus bound-air-temperature measured within foliage) and 
solar radiation for the plants (LAI = 3) in the morning. 
 
 




























Figure 6. 21. The correlation analysis between the temperature difference (ambient temperature 
measured at the weather station minus bound-air-temperature measured within foliage) and 
natural logarithm of the ambient air temperatures measured at the weather station for the plants 
(LAI = 3) in the morning. 
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Figure 6. 22. The correlation analysis between the temperature differences (ambient temperature 
measured at the weather station minus bound-air-temperature measured within foliage) and 
solar radiation for the plants (LAI = 5) in the morning. 


























Figure 6. 23. The correlation analysis between the temperature differences (ambient temperature 
measured at the weather station minus bound-air-temperature measured within foliage) and 
natural logarithm of the ambient air temperatures measured at the weather station for the plants 
(LAI = 5) in the morning. 
 
From Figure 6. 24 to Figure 6. 29, the correlations in the different plants for the 
afternoon session are presented. The temperature differences between the ambient 
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air temperatures measured at weather station and the bound-air-temperatures 
measured within the sparse plants (LAI = 1) still has weak correlations with both solar 
radiation and the ambient air temperatures. The R square values ranged from 0.2 to 
0.4. Similar to the results arising from morning session, the sparse plants respond 
well towards the decreasing solar radiation and ambient air temperature but fail to 
maintain a constant temperature difference between the bound-air-temperatures 
within the foliage and the ambient air temperatures in afternoon session. On the 
other hand, the denser plants (LAI = 3 & 5) still achieved very good R square values 
(>0.92).   




















Figure 6. 24. The correlation analysis between natural logarithm of the temperature differences 
(ambient temperature measured at the weather station minus bound-air-temperature measured 
within foliage) and solar radiation for the plants (LAI = 1) in the afternoon. 
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Figure 6. 25. The correlation analysis between natural logarithm of the temperature differences 
(ambient temperature measured at the weather station minus bound-air-temperature measured 
within foliage) and the ambient air temperatures measured at the weather station for the plants 
(LAI = 1) in the afternoon. 

















Figure 6. 26. The correlation analysis between natural logarithm of the temperature differences 
(ambient temperature measured at the weather station minus bound-air-temperature measured 
within foliage) and solar radiation for the plants (LAI = 3) in the afternoon. 
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Figure 6. 27: The correlation analysis between natural logarithm of the temperature differences 
(ambient temperature measured at the weather station minus bound-air-temperature measured 
within foliage) and the ambient air temperatures measured at the weather station for the plants 
(LAI = 3) in the afternoon. 


















Figure 6. 28. The correlation analysis between natural logarithm of the temperature differences 
(ambient temperature measured at the weather station minus bound-air-temperature measured 
within foliage) and solar radiation for the plants (LAI = 5) in the afternoon. 
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Figure 6. 29. The correlation analysis between natural logarithm of the temperature differences 
(ambient temperature measured at the weather station minus bound-air-temperature measured 
within foliage) and the ambient air temperatures measured at the weather station for the plants 
(LAI = 5) in the afternoon. 
 
Based on the above results, some regression models generated through Statistical 
Package for Social Sciences (SPSS) for both the morning and the afternoon 
sessions respectively are as follows:   
 
Morning (bound air):  
Ylai1 = X1 – [5.786LN(X1)- 0.0002X2 – 18.459] adjusted r2 = 0.698 δ = 0.33
Ylai3 = X1 – [12.286LN(X1)- 0.002X2 – 39.426] adjusted r2 = 0.933 δ = 0.30
Ylai5 = X1 – [19.56LN(X1)- 0.001X2 – 62.638] adjusted r2 = 0.982 δ = 0.20
where 
Ylai1 = Bound-air-temperature within LAI 1 plants (°C) 
Ylai3 = Bound-air-temperature within LAI 3 plants (°C) 
Ylai5 = Bound-air-temperature within LAI 5 plants (°C) 
X1 = Ambient air temperature (°C) 
X2 = Solar radiation (watt/m2) 
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r2 = Multi-correlation coefficient  
δ = Standard error (°C) 
 
Afternoon (bound air):  
Ylai1 = X1 – EXP(-0.925X1- 0.004X2 + 29.279) adjusted r2 = 0.234 δ = 0.59 
Ylai3 = X1 – EXP(0.2X1+ 0.001X2 – 6.629) adjusted r2 = 0.942 δ = 0.13 
Ylai5 = X1 – EXP(0.087X1+ 0.001X2 – 2.819) adjusted r2 = 0.974 δ = 0.07 
where 
Ylai1 = Bound-air-temperature within LAI 1 plants (°C) 
Ylai3 = Bound-air-temperature within LAI 3 plants (°C) 
Ylai5 = Bound-air-temperature within LAI 5 plants (°C) 
X1 = Ambient air temperature (°C) 
X2 = Solar radiation (watt/m2) 
r2 = Multi-correlation coefficient  
δ = Standard error (°C) 
 
It is clear that the regression models for the sparse plants (LAI = 1) cannot be well 
established especially during the afternoon session as evident in the low adjusted R-
square values.  It further highlights the unstable bound air condition, which is not 
easily predicted, within the sparse foliage.  On the other hand, very good multiple 
regression models have been built for the denser plants (Lai = 3&5). The adjusted r2 
can easily exceed 0.9. Similarly, the regression models related to estimation of leaf 
surface temperature in the plants have been built up through SPSS for both the 
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Morning (Leaf):  
Y’lai1 = 1.487X1 – 0.008X2 – 15.642 adjusted r2 = 0.728 δ = 0.62 
Y’lai3 = 1.061X1 – 0.005X2 – 3.62 adjusted r2 = 0.902 δ = 0.46 
Y’lai5 = 1.039X1 – 0.005X2 – 3.202 adjusted r2 = 0.902 δ = 0.45 
Where 
Y’lai1 = Leaf surface temperature of LAI 1 plants (°C) 
Y’lai3 = Leaf surface temperature of LAI 3 plants (°C) 
Y’lai5 = Leaf surface temperature of LAI 5 plants (°C) 
X1 = Ambient air temperature (°C) 
X2 = Solar radiation (watt/m2) 
r2 = Multi-correlation coefficient  
δ = Standard error (°C) 
 
Afternoon (leaf):  
Y’lai1 = 3.76X1– 0.017X2 – 89.344 adjusted r2 = 0.412 δ = 1.39 
Y’lai3 = 1.167X1 – 0.005X2 –7.291 adjusted r2 = 0.877 δ = 0.39 
Y’lai5 = 1.339X1 – 0.006X2 –12.651 adjusted r2 = 0.888 δ = 0.42 
Where 
Y’lai1 = Leaf surface temperature of LAI 1 plants (°C) 
Y’lai3 = Leaf surface temperature of LAI 3 plants (°C) 
Y’lai5 = Leaf surface temperature of LAI 5 plants (°C) 
X1 = Ambient air temperature (°C) 
X2 = Solar radiation (watt/m2) 
r2 = Multi-correlation coefficient  
δ = Standard error (°C) 
 
The multiple regression functions of the leaf surface temperatures using ambient air 
temperature and solar radiation as the independent variables are quite similar to 
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those of the bound-air-temperatures in the different plants.  The multi-correlation is 
weak for the sparse plants (LAI=1) while they are fairly good for the denser plants 




The regression models were generated from the second phase of the experiment. It 
provides an opportunity to validate them by the data derived from the first phase 
when different plants were placed on both the vertical and the horizontal setups. To 
achieve a reasonable validation, only the data obtained from some clear days in the 
first phase were chosen.  
 
Figure 6. 30 and Figure 6. 31 present the validations of the bound-air-temperatures 
as well as the leaf surface temperatures predicted by the regression models for the 
densest plants (Lai = 5). First of all, the trends of the predicted data can fit with those 
of measured ones. The differences between the measured temperatures and the 
predicted ones are within an acceptable range. Observed from the box-and-whisker 
plots, 50% of the differences between the bound-air-temperatures are within the 
range from 0 to 0.3°C and 50% of the differences of leaf surface temperatures are 
within -0.6 to 0.2°C.  
 
























































































































































































































































































































































Measured LAI 5 Estimated LAI5  
 
Figure 6. 30. The comparison between the measured bound-air-temperatures and the estimated 
ones for the dense plants (LAI = 5) and the box-and-whisker plot of temperature difference 
between the measured and predicted temperatures. 


























































































































































































































































































































































Measured LsurfT LAI5 Estimated LsurfT LAI5  
 
Figure 6. 31. The comparison between the measured leaf surface temperatures and the estimated 
ones for the dense plants (LAI = 5) and the box-and-whisker plot of temperature difference 
between the measured and predicted temperatures. 
 
Similarly, the validations of the bound-air-temperatures as well as the leaf surface 
temperatures predicted by the regression models for the plants (Lai = 3) are shown in 
Figure 6. 32 and Figure 6. 33. The trends of the predicted data can mostly fit with the 
measured data. The differences between the measured temperatures and the 
predicted ones are also within an acceptable range. Observed from the box-and-
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whisker plots, 50% of the differences are within the range from -0.45 to 0.2°C for the 
bound-air-temperatures and 50% of the differences are within -0.3 to 0.35°C for the 

























































































































































































































































































































































Measured LAI3 Estimated LAI3  
 
Figure 6. 32. The comparison between the measured bound-air-temperatures and the estimated 
ones for the dense plants (LAI = 3) and the box-and-whisker plot of temperature difference 
between the measured and predicted temperatures. 


























































































































































































































































































































































Measured LSurfT LAI3 Estimated LSurfT LAI3  
 
Figure 6. 33. The comparison between the measured leaf surface temperatures and the estimated 
ones for the dense plants (LAI = 3) and the box-and-whisker plot of temperature difference 
between the measured and predicted temperatures. 
 
Since they cannot create a stable bound air condition in the experiment, the 
regressions related to the very sparse plants (LAI = 1) may result in estimation 
different from that specified in the green sol-air temperature concept. Therefore, their 
regression models and validation are ignored.  
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6.4 Conclusion  
 
In conclusion, the measurements on the horizontal setup are successful. Some 
impressive observations are as follows:  
 
• Over a long period of time, the micro climate within the foliages is relegated to 
the LAI values. Compared to the mean ambient temperatures, the mean 
bound-air-temperature can be up to 1.1°C lower within the densest plants 
(LAI = 5) while it is only 0.1°C lower for the very sparse plants (LAI = 1);  
• In a clear condition, the LAI values also govern the performances of the 
different plants. The maximum difference observed in the sparse plants (LAI = 
1) is only 1.22°C while it is up to 4.58°C within the dense ones (LAI = 5); 
• The cross comparisons between the different plants also follow the sequence 
of their corresponding LAI values. It seems that a stable bound-air-
temperature condition can be formed within the denser foliages (LAI = 3&5). 
But it fails to be formed with the very sparse plants (LAI = 1);  
• The leaf surface temperatures are mostly lower than the corresponding 
bound-air-temperatures within the foliage. It indicates that the leaves are 
cooling sources during daytime. Coupled with their outstanding shading effect, 
the low-temperature leaves are the reason for the lower bound air 
temperature.  
 
Based on the data obtained from the second phase in the experiment, regression 
models have been generated. They are validated by the results derived from the 
different plants but with similar LAI values. They can be used to predict the thermal 
benefits of horizontally placed plants and complete the green sol-air temperature 
concept.
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In this chapter, the vertical setup has been explored in order to establish usable 
regression models for vertically placed plants around buildings according to the 
plants’ LAI values.  Due to the constraints of the experiment, only the two ‘worse 
case scenarios’, the East and the West orientations which are vulnerable to the 
extreme insolation, were measured. Actually, introducing plants into the two 
orientations is also applicable in reality. In order to avoid excessive solar heat gain in 
the tropical climate, buildings are normally designed with their long axis facing north-
south. The eastern and the western facades are normally end walls with limited 
opening. Introducing plants into these end walls not only reduce the excessive heat 
gain but also avoid possible blockage of ventilation through openings.     
 
7.1 Thermal performance of plants with different LAIs 
 
7.1.1 Temperature within foliage vs. meteorological parameters 
It is believed that the thermal performance of the plants arranged around the vertical 
setup is also governed by the density of the foliages (LAI values). Similar to the 
analysis conducted in the horizontal setup, bound air temperatures behind the green 
belts at both the eastern and the western orientations have been compared to the 
ambient temperatures measured at the weather station over a relatively long period. 
The aim is to study the average cooling impact of plants over vertical surfaces under 
the different circumstances.  
 
The long term comparisons between the ambient temperatures measured from the 
weather station and the bound air temperatures obtained behind the different plants 
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at the western and the eastern orientations are presented from Figure 7. 1 to Figure 
7. 3.   
 
Some general observations are as follows:  
 
• The long term average temperature measured at the eastern orientation is 
slightly higher than that derived from the western orientation for all the plants 
(regardless of the LAI values). The possible reason is that the space behind 
the foliage at the eastern orientation can be easily warmed up by the low-
altitude morning sun since the horizontally distributed leaves cannot really 
intercept it by then. Coupled with the increasing ambient air temperature, the 
heat built up behind the eastern foliage is not very easily dissipated until noon 
when the direct radiation starts to strike the other orientation (west). On the 
whole, the temperature behind the eastern foliage reaches a high level very 
quickly during the morning and decreases slowly in the afternoon. On the 
other hand, the temperature behind the western foliage stays relatively low 
during the morning since only low diffused solar radiation can reach the 
orientation. It starts to elevate during the late afternoon when the low-altitude 
sun strikes the orientation. Due to the short period of excessive insolation as 
well as the decrease of the ambient air temperature, the temperature 
measured behind the western greenery decreases fast during the early 
evening.  
• The fluctuation of the bound air temperatures behind the western and the 
eastern foliages is extensive. It is reflected not only in the very sparse plants 
(LAI = 1) but also the denser ones as well (LAI = 3). Compared to that of the 
ambient air temperatures, the change is mainly reflected by the higher upper 
whiskers instead of the lower ones.  The higher upper whiskers observed 
from both the western and the eastern greenery (LAI = 1&3) indicate higher 
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temperatures experienced during the daytime. In other words, a stable bound 
air condition with minimal interference from surroundings is not achieved 
behind the plants. It is different from the performances of the horizontal setup 
in which a stable bound air condition can be formed when its LAI value 
reaches around 3. This is because the horizontally distributed leaves cannot 
effectively intercept low-altitude direct radiation during the early morning and 
the late afternoon.     
 
Figure 7. 1 shows the comparison of temperatures influenced by the very sparse 
plants (LAI ≈ 1) at the two orientations. Some remarkable observations are: 
  
• The mean bound air temperature behind the plants is 27.5°C at the western 
orientation. It is 0.6°C lower than the ambient air temperatures derived from 
the weather station and 1.2°C lower than that obtained from the eastern 
orientation;  
• The standard deviations of the bound air temperatures measured at the 
western and the eastern orientations are 2.9 and 3.1 respectably which are all 
higher than that of the ambient air temperatures derived from the weather 
station. It accords with the general observation that the fluctuation is 
extensive for the bound air temperatures measured behind the plants at the 
two orientations; 
• The upper whiskers of West and East are higher than that of the weather 
temperature. It indicates the peak temperatures observed from the two 
orientations are higher than the peak ambient air temperature. 
• Slight difference between the east and the west can be observed and it is the 
combined effects of the plants and orientation. 
 




 WeaT West East 
Mean (°C) 28.1 27.5 28.7 
Standard Deviation 2.8 2.9 3.1 
 
Figure 7. 1. The comparison of temperatures measured at weather station (WeaT) and at the two 
orientations (East and West) behind the plants (LAI 1) over a long period (Including all weather 
conditions). 
 
Figure 7. 2 reveals the comparison of the temperatures measured behind the denser 
plants (LAI = 3) at the two orientations as well as from the weather station. The 
plants with similar density (LAI = 3) in the horizontal setup can already create a 
relatively stable bound air condition which is cooler than the surroundings. However, 
such stable and cooler bound air condition did not appear in the vertical setup at the 
two orientations. Compared to the very sparse plants (LAI = 1), there are still some 
improvements received from the denser plants as follows:  
 
• The mean bound air temperature observed at the western orientation is 0.4°C 
lower than the mean ambient air temperature obtained from the weather 
station. Although the highest mean bound air temperature is observed at the 
eastern orientation behind the very sparse plants, it is similar to the mean 
ambient air temperature obtained from the weather station with the increase 
of leaf density; 
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• Both standard deviations of the temperatures derived from the two 
orientations are smaller than that obtained from the weather station. It 
indicates the increased ability of stabilizing the fluctuation of the bound air 
temperatures within the foliages.  
 
However, the upper whiskers of West and East are still higher than that of the 
weather temperature. It means that the higher peak temperatures can still be 
observed at the two orientations.    
 
 WeaT West East 
Mean (°C) 29.1 28.7 29.1 
Standard Deviation 3.3 3.0 3.0 
 
Figure 7. 2. The comparison of temperatures measured at weather station (WeaT) and at the two 
orientations (East and West) behind the plants (LAI 3) over a long period (Including all weather 
conditions). 
 
Figure 7. 3 presents the comparison of the bound air temperatures behind the 
densest plants (LAI = 5) as well as the ambient temperatures measured from the 
weather station. It is totally different from the last two comparisons. Some remarkable 
observations are highlighted as follows:  
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• The mean bound air temperatures derived from the west and the east are 
1.6°C and 1.3°C respectively which are lower than the mean ambient 
temperatures obtained from the weather station; 
• The ability of stabilizing the fluctuation of the bound air temperatures within 
the foliages has been increased by the densest plants. This is clearly 
demonstrated by the much smaller standard deviations which are 2 for the 
two orientations and the much lower upper whiskers observed at the two 
orientations;  
• Even the upper whiskers of the two orientations are much lower than that of 
the weather temperatures. It means the peak temperatures at the two 
orientations are effectively reduced and the stable bound air conditions are 
formed by the densest plants. 
  
 
 WeaT West East 
Mean (°C) 29.6 28.0 28.3 
Standard Deviation 3.1 2.0 2.0 
Figure 7. 3. The comparison of temperatures measured at weather station (WeaT) and at the two 
orientations (East and West) behind the plants (LAI 5) over a long period (Including all weather 
conditions). 
 
From the above long-term observations, it can be concluded that the thermal impacts 
of plants over the vertical setup is different from those over the horizontal setup. A 
stable bound air condition behind the plants is not easily achieved unless the LAI 
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value reaches a higher level compared to that observed in the horizontal setup. In the 
experiment, it is found that the threshold of LAI value for achieving such stable bound 
air condition is 5. 
 
After the long term impacts of the plants at the two orientations have been explored, 
some particular days when the sky condition was clear are examined in order to 
determine the maximum thermal effect of the plants. The comparisons of the 
temperatures obtained from the weather station and behind the plants at the two 
orientations over the vertical setup are shown from Figure 7. 4 to Figure 7. 6. Some 
general observations can be derived from them as follows:  
 
• The peak temperatures are normally observed in early morning at the eastern 
orientation and in late afternoon at the western orientation. It accords with the 
profiles of solar radiation striking on the respective orientations. The reason is 
obvious that horizontally distributed leaves at the respective orientations 
cannot effectively intercept the low-altitude solar radiation; 
• The performance of the very sparse plants (LAI = 1) at the eastern orientation 
is not as good as those at the western orientation in terms of lowering the 
bound air temperatures. The reason has been elaborated previously based 
on the long term observations. But the difference between the east and the 
west can be reduced with the increase of the plants’ LAI values; 
• There is no significant difference observed from the ambient temperatures 
measured from the weather station and the bound air temperatures obtained 
behind the vertically placed plants at night. It is quite similar to the 
performance of the plants in the horizontal setup. Without the impact from 
solar radiation and corresponding shading effect, achieving a large difference 
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between the bound air within the foliages and the ambient air temperature is 
very difficult.   
 
Figure 7. 4 shows the comparison between the ambient air temperatures 
measured from the weather station and the bound air temperatures behind the 
very sparse plants (LAI = 1) at the two orientations. Amazingly, the temperature 
measured behind the eastern greenery can be up to 4.2°C higher than the 
ambient air temperature obtained from the weather station during the peak time 
(around 1000 to 1030 hr). After 1230 hr, the temperatures behind the eastern 
foliage began to drop. But only from 1500hr to sunset, it was significantly lower 
than the ambient air temperature. On the other hand, the maximum difference 
between the temperatures measured behind the western foliages and the 
weather station is around 3°C and is observed at around 1630 to 1700 hr. Before 
around 1420 hr, the temperatures measured behind the western foliage are 
always lower than the ambient ones. As discussed previously, it can be explained 
by the combined effect of plants and orientation. The results can provide some 
hints for introducing plants, especially the sparse one, into building facades in the 
future. To reduce excessive solar radiation and create a low temperature 
condition near facades, vertically planting should be dense enough to intercept 
the low-altitude radiation for the eastern orientation. However, sparse plants can 
still contribute to facades facing western orientation in the morning. They will take 
effect only during later afternoon when the low-altitude sunshine is experienced 
at the western orientation. Coupled with the long term observations, it is believed 
sparse plants can ‘perform’ better at the western orientation in creating a low 






































































































































































































































































































































































West East WeaT  
Figure 7. 4. The comparison of the temperatures measured at the weather station and the bound 
air temperatures measured respectively behind the plants (LAI = 1) at the western and the 
eastern orientations on a clear day. 
 
The comparison of the temperatures measured behind the denser plants (LAI = 3) 
and the weather station is show in Figure 7. 5. With the increase of the LAI value, it is 
obvious that the thermal conditions at both the eastern and the western orientations 
are improved. The performance of plants at the eastern side is very outstanding in 
mitigating the impact of orientation. Similar to the temperature profile made by the 
sparse plants at the same orientation, the temperature behind the eastern greenery 
increases immediately and reaches the peak of around 3.72°C during the early 
morning. However, they become lower than the ambient air temperatures after 1200 
hr in the afternoon. The temperature measured behind the eastern vegetation can be 
2.11°C lower than the ambient temperature, which is observed at 1500 to 1530 hr in 
the afternoon. Moreover, due to the good protection of the plants at the eastern 
orientation, the peak temperature obtained at this orientation is similar to that 
obtained at the western orientation. The denser plants blur the effect of orientation in 
this case at the eastern orientation. On the other hand, better cooling impact (up to 
3.33°C at around 1100 hr) from morning to around 1430 hr is also observed at the 
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WeaT West East  
Figure 7. 5. The comparison of the temperatures measured at the weather station and the bound 
air temperatures measured respectively behind the plants (LAI = 3) at the western and the 
eastern orientations on a clear day. 
 
Figure 7. 6 shows the comparison of the temperatures measured at the weather 
station and behind the vertically placed vegetation (LAI = 5) at the two orientations. It 
can be concluded that the thermal conditions at the two orientations have been 
further improved. The improvement is significant enough to negate the orientation 
effect. The similar temperature profiles for the two orientations throughout the day, 
can very well prove the above statement. There is no peak temperature observed at 
either early morning or late afternoon. On the contrary, the temperatures measured 
at the two orientations behind the plants show extreme similarity. The maximum 
cooling impact of up to 4.5°C between the shaded bound air condition and the 
ambient air temperature is observed at both the eastern and the western orientations 
during the period from 1200 to 1400hr when the peak solar radiation is experienced. 
 

































































































































































































































































































































































WeaT West East  
Figure 7. 6. The comparison of the temperatures measured at the weather station and the bound 
air temperatures measured respectively behind the plants (LAI = 5) at the western and the 
eastern orientations on a clear day. 
 
The above analyses only indicate the individual performances of the different plants. 
A cross comparison is necessary to compare the differences between the plants of 
different LAI values together. This is achieved by correlating the temperatures 
measured behind the different plants with the corresponding climatic data. To make a 
detailed correlation analysis, a full day has been divided into three phases according 
to the variation of incoming radiation striking on the respective orientations. They are 
different for the two orientations as follows:   
 
East   
• From sunrise to around 1030 hr has been defined as rising phase;  
• From 1030 hr to sunset has been defined as declining phase;  
• The rest of the time has been defined as night. 
 
West 
• From sunrise to around 1430 hr has been defined as rising phase;  
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• From 1430 hr to sunset has been defined as declining phase;  
• The rest of the time has been defined as night. 
*rising or declining refers to the trend of the temperatures measured behind the vertically placed plants 
 
The benchmarks, which were used to divide the daytime for the western and the 
eastern orientations respectively, were actually derived from the observations of the 
individual performances of the plants (see Figure 7. 4 to Figure 7. 6). The vertically 
placed plants, especially the sparse ones (LAI = 1 & 3), respond sensitively to the 
variation of the radiation striking on the respective orientations. Unfortunately, the 
solar radiation measured on the weather station is the global radiation falling on 
horizontal surface. Therefore, the cross comparisons only cover the correlations 
between the foliage temperatures and two meteorological parameters which are 
ambient air temperature and wind speed.  It does not mean the correlation between 
the foliage temperature and the solar radiation over vertical surfaces is weak. 
Actually the foliage temperatures within the foliages (LAI = 1 & 3) are very sensitive 
to the elevation of solar radiation.   
 
The correlation generated at night for the eastern orientation is relatively simple (see 
Figure 7. 7). Actually there is no significant difference between the ambient air 
temperatures measured at the weather station and the bound air temperatures 
measured behind the different plants. A minor difference is observed between the 
trend line of the densest plant (LAI = 5) and those of the other two plants (LAI = 1 & 
3). It indicates that slightly lower bound air temperature within the foliage can be 
achieved in the densest plants compared to those sparse ones under the same 
ambient air temperature at night.    
 







23.0 25.0 27.0 29.0 31.0



























LAI1 & WeaT LAI3 & WeaT LAI5 & WeaT
Linear (LAI1 & WeaT) Linear (LAI3 & WeaT) Linear (LAI5 & WeaT)  
Figure 7. 7. The correlation analysis of the temperatures measured behind the different plants 
and the temperatures measured at the weather station during the night-time at the eastern 
orientation.  
 
Figure 7. 8 presents the correlation between the temperatures measured behind the 
different plants and the temperatures measured at the weather station during the 
rising phase (from sunrise to around 1030 hr) at the eastern orientation. It is clear 
that the temperatures measured behind the plants are still governed by their 
corresponding LAI values. With the same ambient air temperature, the bound air 
temperatures measured behind the plants (LAI = 1 & 3) are higher than that 
measured behind the densest plant (LAI = 5). There is no doubt that the densest 
plants possess the outstanding ability of maintaining a stable and low bound air 
condition within the foliage. On the other hand, the difference between the LAI1 
plants and the LAI3 plants is not significant especially when the ambient 
temperatures are low (early morning). It can be explained by the poor ability of 
intercepting the low-altitude radiation by the two plants. With the increase of solar 
altitude, the significant differences between the sparse plants (LAI = 1) and the 
denser plants (LAI = 3) begin to emerge at around 1030 hr.    
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LAI1 & WeaT LAI3 & WeaT LAI5 & WeaT
Linear (LAI1 & WeaT) Linear (LAI3 & WeaT) Linear (LAI5 & WeaT)  
Figure 7. 8. The correlation analysis of the temperatures measured behind the different plants 
and the temperatures measured at the weather station during the rising phase at the eastern 
orientation.  
 
Figure 7. 9 shows the correlation between the temperatures measured behind the 
different plants and the temperatures measured at the weather station during the 
declining phase (from around 1030 hr to sunset) at the eastern orientation. With the 
outstanding ability of maintaining a stable bound air condition, the densest plants 
(LAI = 5) still present the lowest bound air temperatures within the foliage compared 
to the other two plants under the same ambient air temperature condition. On the 
other hand, it is worth to mention that the differences between the denser plants (LAI 
= 3) and the sparse plants (LAI = 1) is more obvious in this phase. With only diffused 
radiation striking the orientation, the benefit of denser foliage over sparse one is 
clearly demonstrated.     
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LAI1 & WeaT LAI3 & WeaT LAI5 & WeaT
Linear (LAI1 & WeaT) Linear (LAI3 & WeaT) Linear (LAI5 & WeaT)  
Figure 7. 9. The correlation analysis of the temperatures measured behind the different plants 
and the temperatures measured at the weather station during the declining phase at the eastern 
orientation.  
 
In terms of the temperatures measured within the plants and wind speed, very weak 
correlations are observed all the time. Some representative results are shown from 
Figure 7. 10 to Figure 7. 12 for the three phases. It seems that the bound air 
condition is not easily influenced by wind or the influence is too minor compared to 
other climatic parameters.    
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Figure 7. 10. The correlation analysis of the temperatures differences (ambient air temperature – 
bound air temperature measured behind the LAI 5 plants) and wind speed measured at the 
weather station at night. 
 
 


























Figure 7. 11. The correlation analysis of the temperatures differences (ambient air temperature – 
bound air temperature measured behind the LAI 3 plants) and wind speed measured at the 
weather station in the rising phase.  
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Figure 7. 12. The correlation analysis of the temperatures differences (ambient air temperature – 
bound air temperature measured behind the LAI 1 plants) and wind speed measured at the 
weather station in the declining phase.  
 
 
Similar to the eastern orientation, the trend lines of the correlations between the 
temperatures measured behind the different plants and the corresponding ambient 
air temperatures at night are quite similar (see Figure 7. 13). There is even no 
significant difference between the densest plants (LAI = 5) and the other plants 
although a slight one can be observed at the eastern orientation. It indicates that the 
impacts of the plants at night are not obvious. The results can support the view that 
ambient air temperature can be used to replace bound air temperature within the 
different plants for a rough estimation at night.      
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LAI1 & WeaT LAI3 & WeaT LAI5 & WeaT
Linear (LAI1 & WeaT) Linear (LAI3 & WeaT) Linear (LAI5 & WeaT)  
Figure 7. 13. The correlation analysis of the temperatures measured behind the different plants 
and the temperatures measured at the weather station during the night-time at the western 
orientation. 
 
Figure 7. 14 shows the correlations between the temperatures measured behind the 
three plants and the corresponding ambient temperatures measured during the rising 
phase at the western orientation. Basically, the gradients of the trend lines are 
governed by their LAI values. With the same ambient air temperature, the 
temperature behind the very sparse plants (LAI = 1) is highest while that of the 
densest plants (Lai = 5) is lowest. Unlike the performance of the different plants at 
the eastern orientation during the rising phase, however, the plants with the LAI 
values of 3 perform much better than the very sparse plants (LAI = 1). The reason is 
that only diffused radiation was experienced in the period and leafy plants can do 
better than sparse one in terms of intercepting the radiation.  In other words, the key 
of intercepting diffused radiation is highly related to the LAI values. The observation 
is usable and it can be applied to other orientations, such as the north and the south, 
where longer period of receiving only diffused radiation within a year is experienced. 
At these orientations, introducing leafy plants is still reasonable since the plants can 
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effectively intercept diffused radiation and create a better thermal environment near 
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LAI1 LAI3 LAI5 Linear (LAI1) Linear (LAI3) Linear (LAI5)  
Figure 7. 14. The correlation analysis of the temperatures measured behind the different plants 
and the temperatures measured at the weather station during the rising phase at the western 
orientation. 
 
The correlation analysis during the declining phase is presented in Figure 7. 15 for 
the western orientation. As usual, the gradients of the three trend lines still follow the 
sequence of their corresponding LAI values. It is worth to mention that the gradient of 
the densest plants (LAI = 5) is almost flat which means minimal temperate variation 
behind the foliages is experienced during this period. It is very important to note that, 
during this period, both direct and diffused radiation is experienced at this orientation.     
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LAI1 LAI3 LAI5 Linear (LAI1) Linear (LAI3) Linear (LAI5)  
Figure 7. 15. The correlation analysis of the temperatures measured behind the different plants 
and the temperatures measured at the weather station during the declining phase at the western 
orientation. 
 
Similar to those at the eastern orientation, the correlations between the temperature 
differences and the wind speed are all very weak at the western orientation. There is 
no sign of a good correlation observed between any bound air temperature 
measured within the plants and the wind speed measured at any time (see from 
Figure 7. 16 to Figure 7. 18). 
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Figure 7. 16. The correlation analysis of the temperatures differences (ambient air temperature – 
bound air temperature measured behind the LAI 5 plants) and wind speed measured at the 
weather station at night. 


























Figure 7. 17. The correlation analysis of the temperatures differences (ambient air temperature – 
bound air temperature measured behind the LAI 3 plants) and wind speed measured at the 
weather station in the rising phase. 
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Figure 7. 18. The correlation analysis of the temperatures differences (ambient air temperature – 
bound air temperature measured behind the LAI 1 plants) and wind speed measured at the 
weather station in the declining phase.  
 
7.1.2 Leaf surface temperature vs. meteorological parameters 
The comparisons among the ambient air temperatures, the temperatures measured 
behind the different plants as well as the average leaf surface temperatures obtained 
from the respective plants are presented from Figure 7. 19 to Figure 7. 24. Some 
general observations are:  
 
• The leaf surface temperatures measured from the different plants are 
basically lower than the corresponding bound air temperatures measured 
behind the plants except for those measured on the very sparse (LAI=1) 
plants during the peak hours (early morning or late afternoon). Similar to the 
conclusion generated for the horizontal setup, it indicates the leaves of the 
plants work as cooling sources and thermally benefit the surrounding 
environment.  Coupled with the shading effect, low bound air temperature 
condition can be formed behind the plants at the two orientations.    
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• Obvious fluctuation of the leaf surface temperatures can be observed during 
the daytime while they are stable at night. It indicates the surface 
temperatures of the leaves are sensitive to the solar radiation (the only 
measured climatic parameter which cannot be experienced at night) during 
the daytime.  
• The night-time difference is bigger than the day-time one.  
• The profiles of the leaf surface temperatures generated from the densest 
plants (LAI = 5) at the two orientations are quite similar to those obtained from 
the horizontal setup with the similar LAI value.  It indicates that the 
performances of the dense plants (high LAI values) can be very similar 
regardless of where they are placed.  
 
Figure 7. 19 and Figure 7. 20  show the comparisons at the two orientations for the 
very sparse plants setup. Compared to the bound air temperatures measured behind 
the plants, leaf surface temperatures are normally higher during the peak hours (such 
as early morning and later afternoon). It is slightly different from the profiles 
generated from the horizontal setup with the sparse plants. But it does not mean the 
leaves no longer act as cooling sources by then. It is the strong radiation which easily 
blurs the surface temperature readings. Compared to the same plants on the 
horizontal setup, the sparse plants are weak in terms of intercepting the strong solar 
radiation at particular time since:  
 
• thin vertical layer of the leaves cannot shade each other effectively 
• the vertically placed leaves are vulnerable to the low-altitude radiation  
 
With more leaves, the denser plants (LAI =3 & 5) can protect not only the hard 
surfaces behind them but also their own leaves. Therefore, lower leaf surface 
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temperatures are observed all the time at the two orientations (see Figure 7. 21 to 


































































































































































































































































































































































East Ave LSurfT WeaT East LAI1T  
Figure 7. 19. The comparison of the ambient air temperatures (weather station), the bound air 
temperatures and the average leaf surface temperatures within plants (LAI = 1) at the eastern 

































































































































































































































































































































































West Ave LSurfT WeaT West LAI1T  
Figure 7. 20. The comparison of the ambient air temperatures (weather station), the bound air 
temperatures and the average leaf surface temperatures within plants (LAI = 1) at the western 




























































































































































































































































































































































East Ave WeaT East LAI3T  
Figure 7. 21. The comparison of the ambient air temperatures (weather station), the bound air 
temperatures and the average leaf surface temperatures within plants (LAI = 3) at the eastern 























































































































































































































































































































































West Ave Lsurf WeaT West LAI3T  
Figure 7. 22. The comparison of the ambient air temperatures (weather station), the bound air 
temperatures and the average leaf surface temperatures within plants (LAI = 3) at the western 
orientation on a clear day. 
 
























































































































































































































































































































































East Ave LSurf East LAI5T WeaT  
Figure 7. 23. The comparison of the ambient air temperatures (weather station), the bound air 
temperatures and the average leaf surface temperatures within plants (LAI = 5) at the eastern 























































































































































































































































































































































West Ave LSurf West LAI5T WeaT  
Figure 7. 24. The comparison of the ambient air temperatures (weather station), the bound air 
temperatures and the average leaf surface temperatures within plants (LAI = 5) at the western 
orientation on a clear day. 
 
 




7.2 Regression models  
 
If the bound air conditions behind the densest plants (LAI = 5) are believed to be 
stable, those behind the plants (LAI = 1 & 3) are instable at the two orientations. In 
generating reliable regression models, the unstable conditions should be excluded, 
simply because:  
 
• Besides the measured meteorological data, many other unknowns also 
contribute to the unstable conditions. Since low-altitude solar radiation can 
penetrate the vertically placed foliage and reach the vertical surface behind, 
the reflectivity, absorptivity, surface temperatures of the material behind the 
foliage should be taken into consideration. However, in the Green sol-air 
temperature concept, predicting the bound air temperature within plants 
purely rely on the meteorological data;  
• Defining the stable bound air condition is more important than predicting the 
unstable ones. The stable bound air condition is the benchmark which 
indicates that vertical surface behind plants is becoming immaterial. It means 
that the properties of the material behind plants will have very limited impact 
on the variation of the bound air temperature. The benchmark can be applied 
to any vertical surface without considering the properties of building materials 
in this case. On the contrary, the instable ones are more localized and cannot 
be easily applied to different conditions.    
 
Therefore, regression models for vertically placed plants focus on the densest plants 
(LAI= 5) which can create a stable bound air environment between the plants and the 
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hard surface in the experiment. Some assumptions have been made before the 
regression models are developed:  
 
• From the observations derived from the experiment (from Figure 7. 10 to 
Figure 7. 12 and from Figure 7. 16 to Figure 7. 18), the bound air 
temperatures measured within the foliages have no correlations with wind 
speed. The regression models will therefore exclude wind speed as one of 
the independent variables;   
 
• Similar to the regressions generated for the horizontal setup, the difference 
between the bound air temperature behind the plants and the ambient air 
temperature is the dependant variable; 
 
• As discussed earlier, the stable bound air environments obtained at the two 
orientations are independent of the low-altitude solar radiation at either early 
morning or late afternoon. Therefore, the regression models generated for the 
plants (LAI = 5) at the two orientations will follow morning and afternoon 
format.   Morning indicates the time from sunrise to 1300 hr while afternoon is 
the period from 1300 hr to sunset.  
 
Before the multi-regression functions are made, it is necessary to examine 
correlation between the dependant variable and every individual independent 
variable. There are strong correlations observed between the dependant variable and 
every individual independent variable at both the eastern orientation (see from Figure 
7. 25 to Figure 7. 28) and the western orientation (see from Figure 7. 29 to Figure 7. 
32). Good correlations have been observed with all r2 values exceeding 0.8.   
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Figure 7. 25. The correlation analysis between the temperature differences (ambient temperature 
measured at the weather station minus bound air temperature measured behind the foliages) and 
solar radiation for the plants (LAI = 5) at the eastern orientation in the morning. 

























Figure 7. 26. The correlation analysis between the temperature differences (ambient temperature 
measured at the weather station minus bound air temperature measured behind the foliages) and 
the ambient air temperatures for the plants (LAI = 5) at the eastern orientation in the morning. 
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Figure 7. 27. The correlation analysis between natural logarithm of the temperature differences 
(ambient temperature measured at the weather station minus bound air temperature measured 
behind the foliages) and solar radiation for the plants (LAI = 5) at the eastern orientation in the 
afternoon. 
 


















Figure 7. 28. The correlation analysis between natural logarithm of the temperature differences 
(ambient temperature measured at the weather station minus bound air temperature measured 
behind the foliages) and the ambient air temperatures for the plants (LAI = 5) at the eastern 
orientation in the afternoon. 
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Figure 7. 29. The correlation analysis between the temperature differences (ambient temperature 
measured at the weather station minus bound air temperature measured behind the foliages) and 
solar radiation for the plants (LAI = 5) at the western orientation in the morning. 


























Figure 7. 30. The correlation analysis between the temperature differences (ambient temperature 
measured at the weather station minus bound air temperature measured behind the foliages) and 
the ambient air temperatures for the plants (LAI = 5) at the western orientation in the morning. 
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Figure 7. 31. The correlation analysis between natural logarithm of the temperature differences 
(ambient temperature measured at the weather station minus bound air temperature measured 
behind the foliages) and solar radiation for the plants (LAI = 5) at the western orientation in the 
afternoon. 



















Figure 7. 32. The correlation analysis between natural logarithm of the temperature differences 
(ambient temperature measured at the weather station minus bound air temperature measured 
behind the foliages) and the ambient air temperatures for the plants (LAI = 5) at the western 
orientation in the afternoon. 
 
Multiple correlation analyses between the temperature differences (ambient 
temperature measured at the weather station minus bound air temperature measured 
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within foliage) and the weather variables which have been generated through SPSS 
for both the morning and the afternoon sessions respectively are as follows:   
 
Morning (bound air):  
Ye = 0.27X1 + 0.004X2+ 17.922 adjusted r2 = 0.933 δ = 0.27 
Yw = 0.175X1 + 0.005X2 + 20.444 adjusted r2 = 0.978 δ = 0.16 
 
where 
Ye = Bound air temperature behind LAI 5 plants at the eastern orientation, °C) 
Yw = Bound air temperature behind LAI 5 plants at the western orientation, °C) 
X1 = Ambient air temperature (°C) 
X2 = Solar radiation (watt/m2) 
r2 = Multi-correlation coefficient  
δ = Standard error (°C) 
 
Afternoon (bound air):  
Ye = X1 – EXP(0.282X1 + 0.0003X2 – 8.903) adjusted r2 = 0.972 δ = 0.09 
Yw = X1 – EXP(0.312X1 + 0.001X2 – 10.655) adjusted r2 = 0.939 δ = 0.20 
 
where 
Ye = Bound air temperature behind LAI 5 plants at the eastern orientation, °C) 
Yw = Bound air temperature behind LAI 5 plants at the western orientation, °C) 
X1 = Ambient air temperature (°C) 
X2 = Solar radiation (watt/m2) 
r2 = Multi-correlation coefficient  
δ = Standard error (°C) 
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Similarly, the regression models have been generated for predicting the leaf surface 
temperatures at the two orientations through SPSS as follows: 
 
Morning (Leaf):  
Y’e = 0.255X1+ 0.005X3 +17.696 adjusted r2 = 0.853 δ = 0.36 
Y’w = 0.132X1 + 0.006X2 + 21.064 adjusted r2 = 0.938 δ = 0.24 
 
where 
Y’e = Leaf surface temperature of LAI 5 plants at the eastern orientation, °C) 
Y’w = Leaf surface temperature of LAI 5 plants at the western orientation, °C) 
X1 = Ambient air temperature (°C) 
X2 = Solar radiation (watt/m2) 
r2 = Multi-correlation coefficient  
δ = Standard error (°C) 
 
Afternoon (Leaf):  
Y’e = X1– EXP(0.154X1+ 0.0002X2 – 4.191) adjusted r2 = 0.952 δ = 0.07 
Y’w = X1– EXP(0.166X1+ 0.0002X2 – 4.648) adjusted r2 = 0.952 δ = 0.07 
 
where 
Y’e = Leaf surface temperature of LAI 5 plants at the eastern orientation, °C) 
Y’w = Leaf surface temperature of LAI 5 plants at the western orientation, °C) 
X1 = Ambient air temperature (°C) 
X2 = Solar radiation (watt/m2) 
r2 = Multi-correlation coefficient  
δ = Standard error (°C) 
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The above regression models obtained good adjusted r2 ranged from 0.853 to 0.978. 
The multi-regression functions can be applied to estimate leaf surface temperatures 




The regression models were generated from the second phase of the experiment. 
Similar to the validations conducted for the horizontal setup, the regression models 
are validated by the measured data derived from the first phase when different plants 
were placed on both the vertical and the horizontal setups. To ensure a reasonable 
validation, only the data obtained from some clear days in the first phase were 
chosen.  
 
The validations of the bound air temperatures predicted by the regression models at 
the two orientations are presented in Figure 7. 33 and Figure 7. 34.  The trends of the 
predicted data can more or less follow the measured data. The differences between 
the measured temperatures and the predicted ones are within the acceptable ranges.  
Observed from the box-and-whisker plots, 50% of the differences between the 
measured and predicted temperatures are within the range from -0.25 to 0.25°C for 
the eastern orientation. It is -0.25 to 0.3°C for the western orientation. 
 




































































































































































































































































































































































Measured EastT  Estimated EastT  
 
Figure 7. 33. The comparison between the measured bound air temperatures and the estimated 
ones for the dense plants (LAI = 5) and the box-and-whisker plot of temperature difference 
between the measured and predicted temperatures at the eastern orientation. 
 
 



































































































































































































































































































































































Measured WestT  Estimated WestT  
 
Figure 7. 34. The comparison between the measured bound air temperatures and the estimated 
ones for the dense plants (LAI = 5) and the box-and-whisker plot of temperature difference 
between the measured and predicted temperatures at the western orientation. 
 
Similarly, the validations of the leaf surface temperatures predicted by the regression 
models for the two orientations are shown in Figure 7. 35 and Figure 7. 36. The 
differences between the measured temperatures and the predicted ones are also 
within the acceptable ranges. Observed from the box-and-whisker plots, 50% of the 
differences between the leaf surface temperatures are within the range from 0 to 
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0.5°C for the eastern orientation and 50% of the differences of leaf surface 






























































































































































































































































































































































Measured EastleafT Estimated EastleafT  
 
Figure 7. 35. The comparison between the measured leaf surface temperatures and the estimated 
ones for the dense plants (LAI = 5) and the box-and-whisker plot of temperature difference 
between the measured and predicted temperatures at the eastern orientation. 
 


































































































































































































































































































































































Measured WestleafT Estimated WestleafT  
 
Figure 7. 36. The comparison between the measured leaf surface temperatures and the estimated 
ones for the dense plants (LAI = 5) and the box-and-whisker plot of temperature difference 
between the measured and predicted temperatures at the western orientation. 
 
7.4 Conclusion   
 
In conclusion, the measurements on the vertical setup are successful although only 
the regression models for the densest plants are built. The reason is due to the 
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unstable bound air conditions created by the relatively sparse plants (LAI = 1 & 3). 
Some impressive observations are as follows: 
 
• The impact of orientation can be observed from the long term measurement. 
Behind the similar vertical greenery, the average bound air temperatures 
measured at the eastern orientation is slightly higher than that derived from 
the western orientation;  
• The thermal impacts of plants over the vertical setup are slightly different from 
those over the horizontal setup. A stable bound air condition is not easy to be 
achieved behind the plants unless the LAI value reaches a higher level 
compared to that observed in the horizontal setup. In the experiment, it is 
found that the threshold of LAI value for achieving such stable bound air 
condition is 5; 
• The low-altitude solar radiation occurred at early morning or late afternoon is 
not easy to be intercepted by the plants with horizontally-distributed leaves 
even the LAI values can be up to 3. On the other hand, interception of 
diffused radiation will be easier compared to stopping direct radiation by the 
sparse foliage.  The observation is usable and can be applied to other 
orientations, such as the north and the south, where longer period of only 
diffused radiation within a year is experienced. At these orientations, 
introducing relatively sparse plants is still reasonable since the plants can 
effectively intercept diffused radiation and create a better thermal 
environment near facades; 
• Compared to the bound air temperatures measured behind the plants, leaf 
surface temperatures are normally higher during the peak hours (such as 
early morning and later afternoon) for the sparse plants (LAI =1). It does not 
mean that the leaves stopped acting as cooling sources then. It is the strong 
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radiation which easily blurs the surface temperature readings. With more 
leaves, the denser plants (LAI =3 & 5) can protect not only the hard surfaces 
behind them but also their own leaves. Therefore, lower leaf surface 
temperatures are observed all the time at the two orientations. 
 
Based on the data obtained from the second phase in the experiment, regression 
models have been generated for the two orientations. Since the unstable bound air 
conditions were observed, the data derived from the plants with LAI values of 1 and 3 
are not suitable for generating the regression models. Only the densest plants (LAI = 
5) which are not influenced by the orientation effect and peak solar radiation striking 
the vertical surfaces are chosen to do so. The regression models are validated by the 
measurement carried out with the different plants but of similar LAI values. It is 
believed that the regression models can be used to predict the thermal benefits of 
vertically placed plants and complete the green sol-air temperature concept.   
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The regression models generated for both the horizontal placed plants (e.g. roof top 
gardens) and the vertically placed plants (e.g. vertical landscaping) form a solid 
foundation for the calculation of green sol-air temperature. The variation of green sol-
air temperature over different locations and its unique applications are explored in 
this chapter.   
 
8.1 The necessities of generating green sol-air temperature 
 
As discussed in Chapter three, the significant benefit of using green sol-air 
temperature is to predict the benefit of greenery with reference to LAI values, climatic 
variables and some physical properties of building materials. According to the 
equation (see Eqn. 5 in Chapter 3), six parameters should be considered in order to 
work out a green sol-air temperature. They are:  
 
• Absorptivity of external surface 
• Overall external surface coefficient  
• Intercepted incident solar radiation 
• Temperature of bound air within foliage 
• Surface temperature of leaves 
• LAI values 
 
The absorptivity of external surface and overall external surface coefficient are the 
physical characteristics of building materials. Similar to the estimations made in a sol-
air temperature calculation, they can be obtained from empirical data easily.  
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Intercepted incident solar radiation can be estimated with reference to plants’ LAI 
value. The detailed calculations have been shown in Chapter three. It seems that 
temperature of bound air within foliage and surface temperature of leaves were the 
only two unknowns before the experiment has been carried out.  Through the 
regressions generated from the experiment, they are solved by using two weather 
elements, solar radiation and ambient air temperatures, as variables.   
 
Finally, the necessary parameters needed to work out a green sol-air temperature 
become:  
 
• Absorptivity of external surface (it ranges from 0 to 1) 
• Overall external surface coefficient (it is relevant to is the wind speed and 
surface roughness)  
• Solar radiation (meteorological data) 
• Ambient air temperature (meteorological data) 
• LAI values (Leaf Area Index)  
 
In the experiment, the LAI values of the tested plants are 1, 3, and 5. They are 
believed to be the representative values of plants which can be introduced into 
buildings. For verification process, some common garden plants have been 
measured in a nursery (see Table 8. 1). In addition, the LAI values were measured in 
a rooftop garden as well (see Appendix 2). Although LAI can be up to 10 or even 
bigger measured under mature trees, rooftop gardens or vertical landscaping are not 
able to accommodate plants with such large LAI values. Through the experiment, it is 
also believed that the improvements on intercepting solar radiation and generating a 
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cooler bound air environment within foliage will be limited for plants whose LAI values 
are bigger than 5.  
 
Table 8. 1. Some common garden plants and their LAI values measured in a nursery. 
Plant LAI PIC 
Ixora light yellow 5.22 
 
Ixora super queen 1.63 
 
Ixora japonica 6.21 
 
Duranta repens gold 3.60 
 
Wrightia antidysentenica 2.06 
 
Pseunderanthemum pink 2.60 
 
Jasminum sambac 5.52 
 
Pseunderanthemum jessica 1.65 nil 
Clerodendrum ugandense 4.49 nil 
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8.2 Case study  
 
In order to explore the applicability of the green sol-air temperature concept, a case 
study is first carried out. The aim is to test how accurate the new concept is in terms 
of predicting the benefits of plants in a real situation. A measurement carried out on 
an extensive rooftop garden was employed to do the comparison between the 
measured data on site and the predicted data by the new concept (see Figure 8. 1).  
 
 
Figure 8. 1. A rooftop garden measurement. 
 
The climatic elements of a clear day and the corresponding surface temperatures 
derived under the dense shrubs (LAI ≈ 5) as well as those measured on the exposed 
roof were used. In addition, some assumptions were made in advance:  
 
• the indoor temperature beneath the green roof has been fixed at 22.5°C;  
• The U values of the exposed roof (typical insulated roof) and the planted roof 
(soil thickness of 300mm) have been calculated to be 0.513 W/m2 .K and 
0.468 W/m2 .K respectively;  
• The absorptivity of the soil has been set at 0.6;  
• The LAI values has been set at 5 in the green sol-air temperature calculation;  
• There is no skylight built on the rooftop. 
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Figure 8. 2 shows the comparison of heat flux measured and predicted respectively 
through the green roof with reference to that measured through the bare roof. It is 
found that the predicted profile basically follows the measured one. The average 
measured heat flux is 2.5W/m2 while the predicted one is 2.6 W/m2. The bias varies 




















































































































































Measured heat flux through green roof Predicted heat flux through green roof Measured heat flux through bare roof  
Figure 8. 2. The comparison of heat flux measured and predicted respectively through a green 
roof with reference to that measured through an exposed roof. 
 
The possible reduction of OTTV value caused by a green roof with reference to a 
bare roof is illustrated in Figure 8. 3. The average reduction of OTTV caused by a 
green roof is 29% when the calculation is done based on those measured data. It is 
26.2% when the green sol-air temperature is involved in the prediction. An average 
difference of 2.8% and the bias ranges from -7% to 24% are acceptable. It is 
important to note that the significant differences (-7%, 24%, etc.) are mainly observed 
during very early morning and very late afternoon. The absolute values of the 
reduction are normally very small then. Therefore, a small variation of the absolute 
value may cause a big change in percentage.         
 
 




























































































































































green roof (measured)/bare roof (measured) green roof (predicted)/bare roof (measured)  
Figure 8. 3. Comparison of measured and predicted reduction of OTTV on a green roof with 
reference to a bare roof. 
 
Through the case study, it seems that the new concept, green sol-air temperature, 
can be used in predicting the possible benefit of greenery in a real situation. The bias 
caused by the new concept is within an acceptable range. On the other hand, the 
case study has been done in a rooftop garden only. Unfortunately, a similar study 
cannot be conducted for vertical planting system since such system is currently not 
mature and there is no available data in Singapore.      
 
8.3 General application of green sol-air temperature 
 
The application of green sol-air temperature will be very extensive just like that of the 
sol-air temperature. Introduced plants can be treated as an intervention between 
buildings and surrounding climatic condition. Green sol-air temperature, therefore, is 
the means which can translate the intervention into quantitative values. 
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8.3.1 Instantaneous green sol-air temperature  
Before they are calculated to predict the thermal benefits of plants on some 
representative days of a year, instantaneous green sol-air temperatures are 
computed for the experimental period. With the lack of regression models for the very 
sparse plants, it is the opportunity to draw a complete spectrum of the green sol-air 
temperatures with respect to the instantaneous data generated from the experiment.  
 
To make a clear comparison with all the sol-air temperatures and the green sol-air 
temperatures, the instantaneous data over a full clear day for the very sparse plants 
(LAI = 1) are employed while those corresponding values for the denser plants (LAI = 
3 & 5) are predicted by the regression models generated previously.  
 
Firstly, the comparisons over the horizontal setup have been made (see Figure 8. 4 
to Figure 8. 6). Some general observations are:  
 
• The sequence of the green sol-air temperatures follows their respective LAI 
values exactly. From high to low at one particular time, the sequence is the 
green sol air temperature with the LAI value of 1 (Tgsa1), the green sol air 
temperature with the LAI value of 3 (Tgsa3) and green sol air temperature 
with the LAI value of 5 (Tgsa5);  
• It seems that the impact of plants is more significant with the increase of 
absorptivity values (α). Compared to a surface with smaller absorptivity 
(mostly light colour), greater surface temperature difference with and without 
plants can be observed on a surface with higher absorptivity (mostly dark 
colour); 
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• The maximum differences between the sol-air temperature and the green sol 
air temperature (Tgsa1) are 7.0°C, 14.8°C and 22.8°C when the absorptivity 
equals to 0.3, 0.6 and 0.9 respectively; 
• The maximum differences between the sol-air temperature and the green sol 
air temperature (Tgsa3) are 12.6°C, 24.6°C and 36.5°C when the absorptivity 
equals to 0.3, 0.6 and 0.9 respectively; 
• The maximum differences between the sol-air temperature and the green sol 
air temperature (Tgsa5) are 14.5°C, 27.2°C and 39.8°C when the absorptivity 
equals to 0.3, 0.6 and 0.9 respectively; 
• The difference between Tgsa5 and Tgsa3 is much smaller than that between 
Tgsa3 and Tgsa1. It indicates that the decrease of green sol-air temperature 
is not proportional to the increase of LAI values all the time. There must be a 
threshold beyond which the green sol-air temperature cannot be further 
decreased. Unfortunately, the limit cannot be identified by the experiment. But 
it is believed by the author that the stable bound air condition within the very 


























Tsa Tgsa1 Tgsa3 Tgsa5  
Figure 8. 4. The comparison of sol-air temperature, Tsa, and green sol air temperatures, Tgsa1 
























Tsa Tgsa1 Tgsa3 Tgsa5  
Figure 8. 5. The comparison of sol-air temperature, Tsa, and green sol air temperatures, Tgsa1 
(LAI = 1), Tgsa3 (Lai= 3) and Tgsa5 (LAI = 5) for a horizontal surface (absorptivity = 0.6). 
 



























Tsa Tgsa1 Tgsa3 Tgsa5  
Figure 8. 6. The comparison of sol-air temperature, Tsa, and green sol air temperatures, Tgsa1 
(LAI = 1), Tgsa3 (Lai= 3) and Tgsa5 (LAI = 5) for a horizontal surface (absorptivity = 0.9). 
 
If the above direct comparisons of the sol air temperatures and the green sol air 
temperatures cannot uncover the potential thermal benefits of the plants over the 
horizontal surface, a comparison of reduction of heat flux through construction with 
and without plants can provide more usable information (see Figure 8. 7 to Figure 8. 
9).  To simplify the calculation, the indoor air temperature has been fixed at 22.5°C 
which is the lowest comfort level for local office. Some general observations are:  
 
• The heat flux through the structure with plants can exceed that through the 
same bare structure at very early morning or very late afternoon. It can be 
explained by the truth that plants work as barriers between structure and the 
sky. They stop some long-wave heat loss from structure. But it only occurs 
during a very short period of time and depends very much on the sky 
condition and wind speed (if cloudy sky and low wind speed are experienced, 
the difference may not be that much since the long-wave heat loss from the 
bare structure is not remarkable);  
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• The significant reductions of heat flux can be observed mostly during the 
period ranged from around 0900 to 1900hr. The magnitude depends on the 
LAI values. Compared to that through the bare structure, the sparse plants 
(LAI = 1) can cut maximally around half of the heat flux while the dense plants 
(LAI = 5) can prevent over 80% heat flux from entering buildings;  
• The increase of absorptivity (α) may further increase the reduction of heat flux 
through the construction under the protection of the plants. E.g. Compared to 
the bare structure, the heat flux of only 34% can penetrate the structure with 
the dense plants (LAI=5) when the aborptivity of the structure is 0.3. It sharply 
drops to only 16% when the absorptivity of the structure is increased to 0.9. It 
is not owing to the improvement of cooling impacts by plants but higher 
surface temperature experienced on dark-colour exposed surface as well as 
































LAI1/bare LAI3/bare LAI5/bare  
Figure 8. 7. The comparison of heat flux reduction (%) for plants with LAI values of 1, 3 and 5 
(absorptivity =0.3). 
 
































LAI1/bare LAI3/bare LAI5/bare  

































LAI1/bare LAI3/bare LAI5/bare  
Figure 8. 9. The comparison of heat flux reduction (%) for plants with LAI values of 1, 3 and 5 
(absorptivity =0.9). 
 
The possible heat gain in percentage for a structure with and without plants is listed 
in Table 8. 2 according to calculation of the sum of heat flux per second. It is amazing 
that nearly three quarters of the heat can be intercepted by very dense plants (LAI = 
5) above the dark-colour (absorptivity =0.9) surface during daytime.    
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Table 8. 2. Predicted percentage of heat gain through planted structure with reference to that 
through bare structure during daytime. 
 α =0.3 α =0.6 α =0.9 
Bare structure 100% 100% 100% 
Under LAI 1 83% 67% 59% 
Under LAI 3 58% 40% 31% 
Under LAI 5 49% 33% 25% 
 
Similar calculations have been carried out for vertically placed plants around 
buildings. To make a clear comparison, the instantaneous data over a full clear day 
derived from the very sparse plants (LAI = 1) are employed while those 
corresponding values for the denser plants (LAI = 5) are predicted by the regression 
models generated previously. The comparisons of the sol-air temperatures and the 
green sol air temperatures at the eastern orientation are plotted as shown in Figure 8. 
10 to Figure 8. 12. Some general observations are:  
 
• The significant temperature differences between the sol-air temperatures and 
the green sol-air temperatures are observed during morning when the peak 
solar radiation was experienced at this orientation;  
• The very sparse plants cannot contribute much in reducing the sol-air 
temperature on light-colour surface (low absorptivity and α = 0.3). But they 
assist in reducing the sol-air temperature significantly on dark-colour surface 
(high absorptivity and α = 0.9) especially during morning; 
• The performance of the dense plants is much better than that of the sparse 
ones. The maximum difference can exceed 10°C between the Tgsa5 East 
and Tgsa1 East;  
• Green sol-air temperature obtained at the eastern orientation can be higher 
than sol-air temperature when higher bound air temperature is experienced. 
    
 
 

























Tsa East Tgsa1 East Tgsa5 East  
Figure 8. 10. The comparison of sol-air temperature, Tsa, and green sol air temperatures, Tgsa1 






















Tsa East Tgsa1 East Tgsa5 East  
Figure 8. 11. The comparison of sol-air temperature, Tsa, and green sol air temperatures, Tgsa1 
(LAI = 1), Tgsa3 (Lai= 3) and Tgsa5 (LAI = 5) for an eastern facing surface (absorptivity = 0.6). 
 
























Tsa East Tgsa1 East Tgsa5 East  
Figure 8. 12. The comparison of sol-air temperature, Tsa, and green sol air temperatures, Tgsa1 
(LAI = 1), Tgsa3 (Lai= 3) and Tgsa5 (LAI = 5) for an eastern facing surface (absorptivity = 0.9). 
 
The possible reduction of heat flux through the vertical structure behind the different 
plants (LAI = 1 & 5) is shown in Figure 8. 13 to Figure 8. 15. Compared to those 
calculated on the horizontal setup, the predicted reductions are not so significant 
especially in the afternoon for the eastern orientation. It is reasonable since that the 
outstanding shading effect caused by plants in the morning does not play an 
important role when there is only diffused solar radiation striking the vertical surface 
in the afternoon. The corresponding reductions of heat gain through the different 
plants are listed in   Table 8. 3. Only 7% reduction of heat gain can be achieved 
behind the very sparse plants (LAI =1) for the vertical surface with absorptivity of 0.3 
throughout the daytime. On the other hand, up to 37% reduction of heat gain is 
observed behind the denser plants (LAI = 5) under the same circumstance. It 
indicates that dense plant does contribute a lot to the reduction of heat gain during 
the daytime. Maximally over half of the heat can be dissipated by the dense plants 
(LAI =5) at the eastern orientation during the daytime for those dark-colour vertical 
construction (absorptivity = 0.9).        
 




























LAI3/bare LAI5/bare  
Figure 8. 13. The comparison of heat flux reduction (%) for plants with LAI values of 1and 5 at 




























LAI3/bare LAI5/bare  
Figure 8. 14. The comparison of heat flux reduction (%) for plants with LAI values of 1and 5 at 
the eastern orientation (absorptivity =0.6). 
 




























LAI3/bare LAI5/bare  
Figure 8. 15. The comparison of heat flux reduction (%) for plants with LAI values of 1and 5 at 
the eastern orientation (absorptivity =0.9). 
 
Table 8. 3. Predicted percentage of heat gain through planted structure with reference to that 
through bare structure during daytime. 
 α =0.3 α =0.6 α =0.9 
Bare structure 100% 100% 100% 
Behind LAI 1 at E 93% 82% 74% 
Behind LAI 5 at E 63% 53% 45% 
 
Similar comparisons are conducted for the western orientations. The comparisons of 
the sol-air temperature and the green sol air temperatures are plotted are shown in 
Figure 8. 16 to Figure 8. 18. Some general observations are: 
 
• The remarkable temperature difference between the sol-air temperature and 
the green sol-air temperatures are observed in the afternoon when the peak 
solar radiation was experienced;  
• Although the very sparse plants still cannot contribute significantly in reducing 
the sol-air temperature on light-colour surface (low absorptivity and α = 0.3), 
but their performance is better than those on the eastern orientation. As 
discussed before, it is not only due to the effect of plants themselves but also 
the orientation;  
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• The performance of the dense plants is still better than that of the sparse 
ones. The maximum difference between the Tgsa5 West and Tgsa1 West 
can exceed 10°C; 
• Green sol-air temperature derived at the western orientation can be higher 
than sol-air temperature when foliage is sparse and higher bound air 






















Tsa West Tgsa1 West Tgsa5 West  
Figure 8. 16. The comparison of sol-air temperature (Tsa) and green sol-air temperatures (Tgsa1 
West, and Tgsa5 West) for exposed eastern facing surface and plants with LAI values of 1and 5 
(absorptivity = 0.3). 
 























Tsa West Tgsa1 West Tgsa5 West  
Figure 8. 17. The comparison of sol-air temperature (Tsa) and green sol-air temperatures (Tgsa1 
West, and Tgsa5 West) for exposed eastern facing surface and plants with LAI values of 1and 5 























Tsa West Tgsa1 West Tgsa5 West  
Figure 8. 18. The comparison of sol-air temperature (Tsa) and green sol-air temperatures (Tgsa1 
West, and Tgsa5 West) for exposed eastern facing surface and plants with LAI values of 1and 5 
(absorptivity = 0.9). 
 
The corresponding reductions of heat flux through the plants (LAI = 1 and 5) at the 
western orientation are shown in Figure 8. 19 to Figure 8. 21. The predicted 
reductions are not so remarkable especially in the morning for the western orientation 
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compared to those calculated on the horizontal setup. However, more reductions 
have been observed at the western orientation behind the sparse plants (LAI = 1) 
compared to those obtained from the eastern orientation. It is due to the combined 
effects of both plants and orientation. The corresponding reductions of heat gain 
through the different plants are listed in Table 8. 4. A minimal of 16% heat gain 
reduction can be achieved behind the very sparse plants (LAI =1) for the vertical 
surface with absorptivity of 0.3 throughout the daytime. It is almost double the 
reduction caused by the similar plants at the eastern orientation. Simultaneously, up 
to 36% reduction of heat gain is observed behind the denser plants (LAI = 5) under 
the same circumstance. A maximum of over 50% of the heat can be dissipated by 
the dense plants (LAI =5) at the western orientation during the daytime for those 



























LAI3/bare LAI5/bare  
Figure 8. 19. The comparison of heat flux reduction (%) for plants with LAI values of 1and 5 at 
the western orientation (absorptivity =0.3). 
 




























LAI3/bare LAI5/bare  
Figure 8. 20. The comparison of heat flux reduction (%) for plants with LAI values of 1and 5 at 



























LAI3/bare LAI5/bare  
Figure 8. 21. The comparison of heat flux reduction (%) for plants with LAI values of 1and 5 at 
the western orientation (absorptivity =0.9). 
 
Table 8. 4. Predicted percentage of heat gain through planted structure with reference to that 
through bare structure during daytime. 
 α =0.3 α =0.6 α =0.9 
Bare structure 100% 100% 100% 
Behind LAI 1 at W 84% 75% 69% 
Behind LAI 5 at W 64% 55% 48% 
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In conclusion, the instantaneous comparisons give a fairly accurate impression of 
how much the thermal benefits of the plants with different LAIs will be. However, it is 
not easy that a complete database covering both climatic variables and plants’ ones 
throughout a year will be available. Alternatively, the regression models generated 
from the experiment can work with low-resolution climatic data and generate similar 
comparisons for any given period.     
 
8.3.2 Direct comparison with sol-air temperature  
Green sol-air temperature and sol-air temperature is a pair of inseparable concepts. 
The most straightforward application of green sol-air temperature is the comparison 
of it with the corresponding sol-air temperature. Although both sol-air temperature 
and green sol-air temperature are not real temperature derived in reality, they reflect 
the influences from the sun and outdoor climatic environment over the fluctuation of 
surface temperatures of building constructions.  
 
In order to carry out a fair comparison, three representative days are selected. They 
are 21st March, 22nd June and 22nd December when the sun locates above the 23°27’ 
south of the equator, the equator, and the 23°27’ north of the equator respectively. 
The calculated hourly solar radiation on horizontal and vertical surfaces and hourly 
temperature variation on highest maximum days based on 10 years weather data are 
employed (see Table 8. 5 & Table 8. 6 ).  
 
Table 8. 5. Daytime hourly temperature variation on highest maximum days (10 years average) 
in months of March, June and December (source from Rao 1977,  p.49). 






0700 24.4 25.2 24.2 
0800 25.9 27.4 25.5 
0900 27.6 29.1 27 
1000 29.2 30.2 28.1 
1100 30.7 30.7 29.3 
1200 31.8 31.3 30.2 
1300 32.2 31.6 30.5 
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1400 31.9 31.8 30.2 
1500 31.1 31.4 29.6 
1600 29.7 30.6 28.5 
1700 28.7 29.9 27.5 
1800 28.1 28.9 26.5 
 
Table 8. 6. Hourly total solar radiation on horizontal, East and West at Singapore (source from 








0700 38 183 16 
0800 246 593 60 
0900 489 722 91 
1000 707 681 120 
1100 877 540 145 
1200 981 334 161 
1300 1000 164 237 
1400 931 151 457 
1500 785 129 631 
1600 584 104 726 
1700 347 72 672 








0700 50 221 22 
0800 243 527 60 
0900 454 625 88 
1000 644 584 114 
1100 782 454 132 
1200 864 271 145 
1300 874 145 230 
1400 808 136 423 
1500 675 117 565 
1600 495 95 628 
1700 284 66 565 








0700 47 218 19 
0800 249 552 60 
0900 470 653 88 
1000 666 606 113 
1100 814 467 136 
1200 896 268 145 
1300 899 145 246 
1400 823 136 451 
1500 681 117 596 
1600 492 91 653 
1700 268 63 571 
1800 63 25 265 
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According to the above data, the sol-air temperatures and the green sol-air 
temperatures are calculated and compared. Some assumptions have been made 
before the calculation:  
• The emissivity of plants is set at 1;  
• The surface temperature of construction protected by plants equals to the 
bound air temperature within the foliage;  
• For easy calculation, the overall external surface coefficient, which depends 
on the wind speed, is set at 20W/m2C according to the suggestion of Givoni 
(1998, p.76);  
• For sol-air temperature calculation, the temperature drop due to long-wave 
radiation to the sky for a roof is set at 4°C (Givoni 1998, p.76) while that for a 
vertical surface is set at zero since it is believed the long-wave heat emitted 
by a wall is approximately balanced by that which is received from the ground 
(T. A. Markus, E.N. Morris 1980, p.314) 
 
The comparisons of the sol-air temperatures and the green sol-air temperatures have 
been made for construction with absorptivity of 0.3 on the three representative days 
(see Figure 8. 22 to Figure 8. 27). Some general observations can be derived from 
the comparisons:  
 
• The maximum difference between the sol-air temperatures and the green sol-
air temperatures are observed at 1300hr for horizontal surfaces. The 
maximum difference can be up to 16.1°C which is observed on 21st March. 
Differences of 13.9°C and 13.8°C are observed respectively for 22nd June and 
22nd December; 
• The maximum difference between the sol-air temperatures and the green sol-
air temperatures are observed at 0900hr for eastern orientation. The 
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maximum difference is around 11.1°C which is observed on 21st March. 
Differences of 10.9°C and 9.7°C are observed respectively for 22nd June and 
22nd December; 
• The maximum difference between the sol-air temperatures and the green sol-
air temperatures are observed at 1600hr for the western orientation. The 
maximum difference is around 11.6°C which is observed on 21st March. 
Differences of 10.3°C  are observed for 22nd June and 22nd December; 
• All the maximum values are observed on 21st March when the solar radiation 
received during the daytime is higher than that received on 22nd June and 
22nd December. It indicates that plants do help to dissipate the extra incoming 
solar radiation.  
 
With the absoptivity of building material being 0.3, the average hourly temperature 
differences are summarized in Table 8. 7. With the same LAI value, it seems that 
plants can contribute more in the reduction of sol-air temperature on the horizontal 
surface. It is due to the fact that more incoming solar radiation can be intercepted by 
plants introduced above horizontal surfaces. On the other hand, the sol-air 
temperature reduction at peak time (early morning or late afternoon) caused by 
plants at vertical surface is also remarkable. However, the overall reduction on 
vertical surfaces is compensated by the minor difference experienced when there is 
no direct solar radiation received at the orientation.  
 
 






















Sol-air tem Air tem Green Sol-air tem (LAI=3) Green Sol-air tem (LAI=5)  
Figure 8. 22. The comparison of sol-air temperature, green sol-air temperature (LAI=3), green 
























Sol-air tem (East) Green sol-air tem (East) Sol-air tem (West) Green sol-air tem (West)  
Figure 8. 23. The comparison of sol-air temperature and green sol-air temperature (LAI=5) at 
western and eastern orientations on 21 March (absorptivity = 0.3). 
 
 






















Sol-air tem Air tem Green Sol-air tem (LAI=3) Green Sol-air tem (LAI=5)  
Figure 8. 24. The comparison of sol-air temperature, green sol-air temperature (LAI=3), green 
























Sol-air tem (East) Green sol-air tem (East) Sol-air tem (West) Green sol-air tem (West)  
Figure 8. 25. The comparison of sol-air temperature and green sol-air temperature (LAI=5) at 
western and eastern orientations on 22 June (absorptivity = 0.3). 
 






















Sol-air tem Air tem Green Sol-air tem (LAI=3) Green Sol-air tem (LAI=5)  
Figure 8. 26. The comparison of sol-air temperature, green sol-air temperature (LAI=3), green 
























Sol-air tem (East) Green sol-air tem (East) Sol-air tem (West) Green sol-air tem (West)  
Figure 8. 27. The comparison of sol-air temperature and green sol-air temperature (LAI=5) at 
western and eastern orientations on 22 December (absorptivity = 0.3). 
 
 
CHAPTER 8 GREEN SOL-AIR TEMPERATURE AND ITS APPLICATION 
 266
Table 8. 7. Summary of average hourly temperature differences between sol-air temperatures 
and the green sol-air temperatures (absorptivity = 0.3). 
 average hourly 
temp. 
difference  (LAI 





difference  (LAI 





difference  (LAI 





difference  (LAI 
= 5)  at the 
western 
orientation (°C) 
21 Mar 6.9 8.4 5.5 5.1 
22 Jun 5.9 7.3 5.3 5.1 
22 Sep 5.8 7.0 4.6 4.2 
 
The comparisons made for construction with absorptivity of 0.6 and 0.9 can be found 
in Appendix 1. Basically, larger temperature difference between the sol-air 
temperatures and the green sol-air temperatures can be observed for both horizontal 
and vertical surfaces with the increase of the absorptivity values. The average hourly 
temperature differences between sol-air temperatures and the green sol-air 
temperatures are presented in Table 8. 8 and Table 8. 9 for absorptivity of building 
material being 0.6 and 0.9 respectively. It is amazing that around 26°C and 14°C 
differences on average can be obtained by plants on horizontal and vertical surfaces 
respectively when the absorptivity equals to be 0.9.     
 
Table 8. 8. Summary of average hourly temperature differences between sol-air temperatures 
and the green sol-air temperatures (absorptivity = 0.6). 
 average hourly 
temp.difference  















(LAI = 5)  at the 
western 
orientation (°C) 
21 Mar 15.3 17.2 10.1 9.7 
22 Jun 13.3 15.1 9.4 9.1 
22 Sep 13.3 14.9 8.7 8.4 
 
Table 8. 9. Summary of average hourly temperature differences between sol-air temperatures 
and the green sol-air temperatures (absorptivity = 0.9). 
 average hourly 
temp.difference  















(LAI = 5)  at the 
western 
orientation (°C) 
21 Mar 23.8 26.0 14.7 14.3 
22 Jun 20.8 22.9 13.5 13.2 
22 Sep 20.9 22.8 12.9 12.5 
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In conclusion, the direct comparison between sol-air temperature and green solar 
temperature can provide a preliminary picture of the thermal benefits of plants 
introduced into buildings. On the other hand, the comparison has also a linkage with 
the measured surface temperatures. The predicted sol-air temperatures and green 
sol-air temperatures on 22nd Dec (absorptivity = 0.3) have been compared to surface 
temperatures measured on hard surface and under a dense plant obtained from a 
measurement conducted on 03rd Dec 2001 (see Figure 8. 28).  It seems that the 
temperatures can more or less match each other. However, the sol-air temperature 
underestimates the surface temperature in the late afternoon. With the decrease of 
both ambient air temperature and solar radiation, the sol-air temperature drops fast in 
the late afternoon. But the hard surface cannot be easily cooled down. It has 
obviously a time lag with the ambient air temperature and solar radiation. The green 
sol-air temperature shows negligible underestimations at the same time. Since most 
incoming solar radiation is dissipated by dense plants, a stable bound air condition 
























Measured hard surface tem measured surface tem under dense plants
Sol-air temperature Green sol-air tem (LAI=5)  
Figure 8. 28. The comparison between sol-air temperature, green sol-air temperature and the 
measured surface temperature. 
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8.3.3 Estimation of heat gain reduction 
Another possible application of green sol-air temperature is the estimation of possible 
reduction in terms of heat gain during the daytime. It is known that heat flux through a 
building structure is the product of delta T (sol-air temperature minus indoor air 
temperature) and overall thermal conductivity of the structure. Hourly heat gain can 
therefore be estimated as the product of heat flux per second and 3600 (second). 
Therefore, the ratio of heat gain/loss is the function of heat flux through building 
construction, time and overall thermal conductivity. For a same building construction, 
the percentage of heat gain/loss through the construction behind plants over heat 
gain/loss through the construction exposed to outdoor climate has been simplified to 
be the function of the sum of delta T.  
 
Besides those made in the previous section, more assumptions have been made 
here in order to calculate the reduction of heat gain caused by plants:  
 
• The indoor temperature has been set at 22.5°C and 25.5°C (ENV Guideline 
for Typical Office Thermal Comfort range) respectively; 
• Only hourly sol-air temperature/green sol-air temperature is calculated. Within 
an hour from T(hour-1) to T(hour), it is assumed that the temperature 
differences every second between the sol-air temperatures/green sol-air 
temperatures and the fixed indoor temperature are linearly distributed. The 
tangent gradient of the line is equal to the hourly temperature difference 
divided by 3600(s). Within an hour, the comparison of total heat gain through 
an identical structure with and without plants actually equals to the area of a 
trapezium (see Figure 8. 29) which is the sum of all the temperature 
differences between the sol-air temperatures/green sol-air temperatures and 
the fixed indoor temperature every second; 
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Figure 8. 29. The calculation of the sum of secondly delta T based on hourly data. 
 
• heat gain through exposed construction is always set at 100%; 
• the possible heat gain reduction caused by plants is calculated based on the 
structure fully protected by plants.  
 
Comparisons of heat gain through exposed structure and protected one by 
horizontally and vertically placed plants are summarized by the tables below (see 
Table 8. 10 to Table 8. 15). Some outstanding observations are:  
 
• Compared to exposed horizontal surfaces, the horizontally placed plants (LAI 
= 3) can at least reduce the daytime heat gain through roofs by 55-72% for 
high reflectivity surfaces while it can be up to 82-92% for low reflectivity ones; 
• Compared to exposed horizontal surfaces, the horizontally placed plants (LAI 
= 5) can at least reduce the daytime heat gain through roofs by 67-88% for 
high reflectivity surfaces while it can be up to 90-99% for low reflectivity ones; 
• Compared to exposed vertical surfaces, the vertically placed plants (LAI = 5) 
can at least reduce the daytime heat gain through eastern walls by 47-66% 
for high reflectivity surfaces while it can be up to 72-83% for low reflectivity 
ones; 















CHAPTER 8 GREEN SOL-AIR TEMPERATURE AND ITS APPLICATION 
 270
• Compared to exposed vertical surfaces, the vertically placed plants (LAI = 5) 
can at least reduce the daytime heat gain through western walls by 43-61% 
for high reflectivity surfaces while it can be up to 69-82% for low reflectivity 
ones. 
 
Table 8. 10. The possible heat gain caused by horizontally placed plants during daytime on 21st 
March  (lower range indicates the percentage obtained when indoor temperature is set at 25.5°C 
while the higher range indicates the percentage obtained when indoor temperature is set at 
22.5°C). 
 Exposed structure Plants (LAI = 3) Plants (LAI = 5) 
α = 0.3 100% 22-39% 7-27% 
α = 0.6 100% 13-25% 4-16% 
α = 0.9 100% 11-19% 3-11% 
 
Table 8. 11. The possible heat gain caused by horizontally placed plants during daytime on 22nd 
June (lower range indicates the percentage obtained when indoor temperature is set at 25.5°C 
while the higher range indicates the percentage obtained when indoor temperature is set at 
22.5°C). 
 Exposed structure Plants (LAI = 3) Plants (LAI = 5) 
α = 0.3 100% 28-45% 12-33% 
α = 0.6 100% 17-29% 7-20% 
α = 0.9 100% 13-22% 5-14% 
 
Table 8. 12. The possible heat gain caused by horizontally placed plants during daytime on 22nd 
December (lower range indicates the percentage obtained when indoor temperature is set at 
25.5°C while the higher range indicates the percentage obtained when indoor temperature is set 
at 22.5°C). 
 Exposed structure Plants (LAI = 3) Plants (LAI = 5) 
α = 0.3 100% 16-38% 2-26% 
α = 0.6 100% 10-23% 1-15% 
α = 0.9 100% 8-18% 1-10% 
 
Table 8. 13. The possible heat gain caused by vertically placed plants during daytime on 21st 
March (lower range indicates the percentage obtained when indoor temperature is set at 25.5°C 
while the higher range indicates the percentage obtained when indoor temperature is set at 
22.5°C). 
 Exposed structure Plants at East (LAI = 5) 
Plants at West 
(LAI = 5) 
α = 0.3 100% 36-52% 40-55% 
α = 0.6 100% 23-37% 26-39% 
α = 0.9 100% 17-28% 19-31% 
 
 
CHAPTER 8 GREEN SOL-AIR TEMPERATURE AND ITS APPLICATION 
 271
Table 8. 14. The possible heat gain caused by vertically placed plants during daytime on 22nd 
June (lower range indicates the percentage obtained when indoor temperature is set at 25.5°C 
while the higher range indicates the percentage obtained when indoor temperature is set at 
22.5°C). 
 Exposed structure Plants at East (LAI = 5) 
Plants at West 
(LAI = 5) 
α = 0.3 100% 37-53% 40-56% 
α = 0.6 100% 25-39% 28-41% 
α = 0.9 100% 19-31% 21-33% 
 
Table 8. 15. The possible heat gain caused by vertically placed plants during daytime on 22nd 
December (lower range indicates the percentage obtained when indoor temperature is set at 
25.5°C while the higher range indicates the percentage obtained when indoor temperature is set 
at 22.5°C). 
 Exposed structure Plants at East (LAI = 5) 
Plants at West 
(LAI = 5) 
α = 0.3 100% 34-53% 39-57% 
α = 0.6 100% 21-37% 24-40% 
α = 0.9 100% 16-29% 18-31% 
 
 
In order to explore the possible reduction of heat gain for a natural-ventilated indoor 
environment, the indoor temperature is assumed to be exactly the same as the 
shaded outdoor temperature. It is amazing that negative percentages (it means heat 
loss instead of heat gain occurs) are observed with the protection of plants on both 
vertical and horizontal surfaces. Dense planting around buildings is a very effective 
means to reduce heat gain during daytime.      
 
The estimation of the reduction of heat gain through building structure during daytime 
caused by plants is very useful in practice. It allows designers to calculate the 
possible energy savings caused by strategically introduced plants around buildings 
under the extreme condition. These quantitative data is useful for decision-making at 
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8.3.4 Possible influence over ETTV  
The green sol-air temperature may also have influence on existing building 
regulations. Any cooling energy-related regulation, such as ETTV, can be influenced 
by the new concept significantly.  
 
The original concept of ETTV for roof is as follows:  
 
ETTV = 




ETTV = Envelope Thermal Transfer Value for Buildings (W/m2) 
Ar = Opaque roof area (m2) 
Ur = Thermal transmittance of opaque roof area (W/m2 °K) 
TDeq = Equivalent temperature difference ( °K) 
As = Skylight area (m2) 
Us = Thermal transmittance of skylight area (W/m2 °K) 
ΔT 
= Temperature difference between exterior and interior design conditions 
( °K) 
SC = Shading coefficient of skylight 
SF = Solar factor (W/m2) 
Ao = Gross area of roof (m2) Ao = Ar + As 
 
Basically, ETTV is the sum of heat gain through opaque roof and skylight divided by 
total roof area. The current standard is that ETTV for the gross area of the roof shall 
not exceed 50W/m2. It is known that the possible heat gain reduction caused by 
plants can be calculated with both sol-air temperature and green sol-air temperature. 
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With less heat gain through the opaque area of the roof (it is not good to introduce 
plants into the skylight which is designed for more daylight penetration), it is possible 
to increase the benchmark of 50W/m2. In other words, more choices of roof materials, 
especially those with higher thermal transmittance, can be employed with the 
introduction of plants on rooftops.  
 
Some assumptions have been made before the possible increases of ETTV values 
for roofs are calculated:  
 
• In terms of heat gain reduction caused by plants, the worse scenario through 
a year is selected. Therefore, it is 0.45 for eastern orientation and 0.33 for 
western orientation; 
• Indoor temperature is set at 22.5°C, the low end of the typical office thermal 
comfort range; 
• The calculation does not consider the thermal resistance of soil in which 
vegetation is planted. The thermal resistance of soil varies according to the 
soil moisture. It drops significantly with the increase of soil moisture.  
 
The possible contribution of plants on increasing the ETTV values for roofs is 
calculated (see Figure 8. 30). According to the calculation, a roof fully covered by 
very dense plants (LAI>5) can fulfil the current standard with its adjusted ETTV value 
less than 151.5 W/m2 (about 3 times of the original ETTV value).  
 
 








10% 20% 30% 40% 50% 60% 70% 80% 90% 100%



















Increase of ETTV by plants (LAI=3) Increase of ETTV by plants (LAI=5)  
 
Green coverage on 
roof 
Increase of ETTV by plants 
(LAI=3) 
Increase of ETTV by plants 
(LAI=5) 
10% 1.06 x ETTV 1.07 x ETTV 
20% 1.12 x ETTV 1.15 x ETTV 
30% 1.20 x ETTV 1.25 x ETTV 
40% 1.28 x ETTV 1.37 x ETTV 
50% 1.38 x ETTV 1.50 x ETTV 
60% 1.49 x ETTV 1.67 x ETTV 
70% 1.63 x ETTV 1.88 x ETTV 
80% 1.79 x ETTV 2.16 x ETTV 
90% 1.98 x ETTV 2.52 x ETTV 
100% 2.22 x ETTV 3.03 x ETTV 
  Figure 8. 30. The possible contribution of plants on increasing ETTV values for roofs. 
 
Similar calculation can be applied to ETTV for vertical walls as well. The concept of 
ETTV for walls is as follows:  
 
ETTV = 




ETTV = Envelope Thermal Transfer Value for Buildings (W/m2) 
Aw = Opaque wall area (m2) 
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Uw = Thermal transmittance of opaque wall area (W/m2 °K) 
TDeq = Equivalent temperature difference ( °K) 
Af = Fenestration area (m2) 
Uf = Thermal transmittance of fenestration area (W/m2 °K) 
ΔT 
= Temperature difference between exterior and interior design conditions 
( °K) 
SC = Shading coefficient of fenestration 
SF = Solar factor (W/m2) 
Ao = Gross area of exterior wall(m2) Ao = Aw + Af 
 
Some assumptions have been made before the possible increases of ETTV values 
for walls are calculated:  
 
• In terms of heat gain reduction caused by plants, the worse scenario through 
a year is selected. Therefore, it is 0.53 for plants (LAI =3) and 0.57 for plants 
(LAI=5); 
• Indoor temperature is set at 22.5°C, the low end of the typical office thermal 
comfort range; 
• The calculated ETTV applies to only the particular facing wall alone. The 
overall ETTV can only be calculated when ETTVs for other orientations are 
available. 
 
Figure 8. 31 shows the contribution of plants on vertical walls. Maximally, 1.89 times 
of ETTV at East and 1.75 times of ETTV at West can be achieved when the walls are 
fully covered by dense (LAI = 5) plants.  
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Increase of ETTV by plants (LAI=5) at East-facing wall Increase of ETTV by plants (LAI=5) at West-facing wall  
Green coverage on 
wall 
Increase of ETTV by plants 
(LAI=5) at East-facing wall 
Increase of ETTV by plants 
(LAI=5) at West-facing wall 
10% 1.05 x ETTV(East) 1.04 x ETTV(West) 
20% 1.10 x ETTV(East) 1.09 x ETTV(West) 
30% 1.16 x ETTV(East) 1.15 x ETTV(West) 
40% 1.23 x ETTV(East) 1.21 x ETTV(West) 
50% 1.31 x ETTV(East) 1.27 x ETTV(West) 
60% 1.39 x ETTV(East) 1.35 x ETTV(West) 
70% 1.49 x ETTV(East) 1.43 x ETTV(West) 
80% 1.60 x ETTV(East) 1.52 x ETTV(West) 
90% 1.73 x ETTV(East) 1.63 x ETTV(West) 
100% 1.89 x ETTV(East) 1.75 x ETTV(West) 
Figure 8. 31. The possible contribution of plants on increasing ETTV values for East-facing wall 
and West-facing wall. 
 
8.4 Conclusion  
 
The calculated green sol-air temperatures and their potential applications are very 
extensive. It makes translating the thermal benefits of plants around buildings into 
quantitative data possible. More importantly, the concept is a simplified method. With 
limited data, the benefits of plants can still be estimated for any given building in the 
local climate.  
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From the comparisons conducted, some significant findings are summarized as 
follows:  
  
• The sequence of the green sol-air temperatures follows the corresponding 
LAI values exactly. It basically means the bigger the LAI value, the lower the 
green sol-air temperature. But it is worth to note that the decrease of green 
sol-air temperature is not always proportional to the increase of LAI values. 
There must be a threshold beyond which the green sol-air temperature 
cannot be further decreased. Unfortunately, the limit cannot be determined by 
the experiment. But it is believed by the author that the stable bound air 
condition within the very dense foliage (LAI =5) in the experiment has already 
approached the threshold; 
• It seems that the reduction of green sol-air temperature is more remarkable 
with the increase of absorptivity values. It is not owing to the improvement of 
cooling impacts by plants but higher surface temperature experienced on 
dark-colour exposed surface as well as higher indoor-outdoor temperature 
difference triggered during the daytime; 
• In terms of overall sol-air temperature reduction caused by plants, data 
derived from vertical surfaces are not as good as those obtained from the 
horizontal ones. It is simply because the major reduction of sol-air 
temperatures only occur when both direct and diffused solar radiation is 
experienced at mid-day at the eastern and the western orientation;  
• Compared to exposed horizontal surfaces, the horizontally placed plants (LAI 
= 5) can reduce the daytime heat gain through roofs by up to 90-99% for dark 
roofs. It accords with the field measurement in which negative heat gain was 
observed under the very dense plants all day long; 
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• Compared to exposed vertical surfaces, the vertically placed plants (LAI = 5) 
can reduce the daytime heat gain through eastern walls by up to 72-83% 
while through western walls by up to 69-82% for low reflectivity walls. 
• Plants can help to increase the current ETTV benchmark, which is 50W/m2. In 
other words, more choices of building materials, especially those with higher 
thermal transmittance, can be employed coupled with the introduction of 
plants around buildings. According to the calculation, a roof fully covered by 
very dense plants (LAI>5) can fulfil the current standard with its adjusted 
ETTV value less than 151.5 W/m2 (about 3 times of the original ETTV value). 
1.89 times of ETTV at eastern walls and 1.75 times of ETTV at western walls 
can also be achieved when the walls are fully covered by dense plants (LAI = 
5).  
 
All the above findings are very useful to designers who intend to introduce plants into 
construction projects in tropical climate. However, green sol-air temperature concept 
is still at its early stage of development. More empirical data are needed to complete 
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CHAPTER 9 CONCLUSION 
 
 
9.1 Garden City movement and its scientific extension  
 
Introducing plants into a built environment is not a new idea. An attempt to do so has 
been reflected at every stage throughout the human history. It is not worth 
mentioning the master pieces, such as Hanging Gardens of Babylon, in ancient time 
since built environment had limited impact over natural system by then. The ancient 
technology could not really set the climatic boundary of small city and suburb. 
Instead, towns had been built above natural landscape and its impacts were marginal 
in terms of creating unique urban climate. The image of cities shaped by the 
industrial revolution, on the other hand, reveals the ability of contrasting the climatic 
difference between cities and suburbs ultimately. Modern technology is the root of 
creating the unique urban climate triggered by densely packed factories and housing 
developments. The role of plants in a built environment is significant when they are 
strategically introduced as a positive mean to counteract the negative urban impacts.   
 
Ebenezer Howard (1898), the father of the Garden City movement, proposed his idea 
of making smaller and low-density towns surrounded by belts of undeveloped land. 
Two representative towns guided by his idea are Letchworth and Welwyn Garden 
City (see Figure 9. 1), in Hertfordshire, England. They are in the first batch of such 
"Garden City" in the world. The idea spread rapidly to Europe and the United States. 
From 1920’s, Garden city was in the process of booming worldwide. The city of 
Radburn (New Jersey) was inspired by the success of the two England cities and 
developed in United States by Clarence Stein and Henry Wright. Reconstruction after 
World War II further stimulated the garden-city movement. Three greenbelt towns 
(Greenbelt, Maryland; Greenhills, Ohio; and Greendale, Wisconsin) in United States 
 
CHAPTER 9 CONCLUSION 
 280
and the development of over a dozen new communities followed the New Towns Act 
in 1946 in England all inherited the characteristics of the Garden City Movement. 
Besides the rise of more garden cities, their open layout has also a great influence on 





Figure 9. 1. Letchworth city plan 1902, England - the first garden city in the world (source from 
http://www.ar.utexas.edu/AV/Atkinson/lecture8/garden6.html). 
   
As a well-known Garden City in the tropical climate, two milestones marked the start 
of the strategic introduction of plants in Singapore. They are the launch of tree 
planting campaign in 1963 and the launch of Garden City campaign in 1967. The 
driving force behind them was the former Prime Minister Lee Kuan Yew who 
identified a green Singapore as a key competitive factor in attracting foreign 
investments to the country. On the other hand, there was also a thought of 
counteracting the unfavorable tropical climate in the former PM’s mind: 
 
“…if you get the place greened up, if you get all those creepers up, you take 
away the heat, you'll have a different city"   
 
 
CHAPTER 9 CONCLUSION 
 281
The difference between Singapore and other garden cities in Europe and Unite 
States is mainly the land use. There is limited undeveloped land in Singapore. Hence, 
the greening the city should not be stopped at ground level. Instead, greening of the 
city should be extended facades and roofs of buildings in a more innovative way. As 
such, the 3D greening programme is introduced.   
 
As can be observed from the above green cities, the main purpose of building up the 
concept is to bring together the economic, cultural and ecological advantages of both 
city and country living. However, insufficient effort has contributed to exploring the 
detailed benefits which requires more academic input. The benefits have been taken 
for granted when Green City movement is emphasized from design perspective 
alone. There are two significant points being omitted or ignored in the process. The 
first being how much plants should be introduced and secondly, how much the 
related benefits are. As the above two questions remain unanswered, the green city 
movement has always been suspended at the conceptual stage. Any city accepting 
the idea can be labelled as Garden City but none is convinced by the tangible 
benefits quantitatively. 
 
The conceptual model proposed by the author is actually an attempt to answer the 
two omitted concerns from a particular angle in favor of the further development of 
Garden City concept. It links greenery and buildings with the unique climate created 
within built environments. Therefore, the conceptual model and its related 
explorations can be treated as the scientific extension of Green Garden movement 
(see Figure 9. 2). However, the conceptual model and the quantitative data only 
cover a very small portion of the overall scientific extension. The question mark 
highlighted in the chart should still be replaced by concrete results generated from 
related researches in the future.         
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Figure 9. 2. The role of the study as a scientific extension of Garden City movement. 
 
Apart from the quantitative data, another contribution of the conceptual model 
towards garden city concept originates from the two hypotheses testified throughout 
the research. It is clear that two possibilities can be generated in the end (see Figure 
9. 3). The first possibility is a sustainable one which introduces sufficient amount of 
greenery to balance the negative impacts caused by urban climate in a built 
environment. The other possibility is an imbalanced one which fails to counteract the 
negative impacts of urban climate by plants. Both the two possibilities should be 
evaluated from the micro and macro point of view. They can be applied to a city, an 
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area or even an individual building. It does not mean that the imbalanced possibility 
will not occur in a garden city. A good example is the CBD area in Singapore. 
Without sufficient planting in the area, Urban Heat Island effect can still be triggered 
easily. Therefore, in working towards a sustainable development, effort should focus 
on not only the urban planning level but also individual buildings.  
 
 
Figure 9. 3. The two possibilities generated from the hypotheses – a sustainable possibility (left) 
and an imbalanced possibility (right). 
 
9.2 Quantitative findings  
 
Without quantitative data, the conceptual model is meaningless. The model 
comprises of three key components, buildings, climate and vegetation. The 
intervention of plants in conflict between buildings and climate has been defined 
quantitatively by the interrelations (PB, PC, BC+CB) among the three key 
components throughout the research.  The quantitative data can be categorized into 
two major parts - the results generated from the background studies and the results 
predicted by green sol-air temperature concept. To fully understand and determine 
the invention of plants in the conflicts between buildings and climate, the first part 
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1. Background studies 
The first part of the study consists of the results of the field measurements carried out 
island-wide at both macro and micro levels. The data collected from the background 
study provided an overview of the intervention of plants in the tropical climate in 
Singapore.   
 
First of all, the satellite image obtained on 11th October 2002 provided a visual 
comparison between the ‘rural’ and ‘urban’ areas in Singapore. Although no 
quantitative data can be derived from it, the satellite image highlighted the ‘hot’ spots 
which were subsequently targeted in the following measurements. It also helps to 
visually illustrate the ‘urban’ and ‘rural’ difference which highlights the existence of 
the UHI effect. The intervention of plants at the macro-level was investigated by the 
analysis of last twenty-year meteorological data and the mobile survey conducted 
island-wide. Some key quantitative findings which can fit into the conceptual model 
are listed in Table 9. 1. From the long term point of view, buildings have to 
compensate higher temperature in a densely developed area compared with an 
undeveloped area. Even higher temperature difference can be experienced as the 
UHI intensity in a clear day between the highly built up area and the suburb. The 
general rule of thumb is that 5% more cooling energy is needed to compensate 1°C 
increase of ambient air temperature in commercial buildings. It can be imagined how 
much cooling energy should be consumed if large temperature difference is 
experienced.  
 
Table 9. 1. The summary of the background study carried out at the macro-level. 
Level PB PC BC + CB 
Tengah (79% 
undeveloped area) 
Y = 0.0043X 
+26.88 (over last 
20 years) 
Almost 0ºC(ambient) 
(over last 20years) 
Changi (34% 
undeveloped area) 
Y= 0.051X +26.865 
(over last 20 years) 
+ 1ºC(ambient) 
(over last 20years) 
Northern part (suburb) 
Macro-
scale 
Southern part (city) 
24.3ºC (min) vs. 
28.3ºC (max)  - 4ºC (ambient)  
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The field measurements also uncover the benefits of big urban green areas in the 
form of urban parks, landscape within housing developments, road trees along the 
streets in industrial areas. The three interrelationships (PB, PC and BC +CB) have 
been quantified in Table 9. 2. With urban parks, low-temperature zone can be 
formed. The possible energy savings is remarkable if buildings are built near the 
park. Housing developments with different green coverage can lead to different 
thermal conditions as well. Basically, better thermal condition can be observed when 
there is lager green coverage. Road trees can also play an important role in reducing 
the ambient air temperature, especially those mature big trees planted along roads. 
They can effectively reduce the ambient temperature on streets.     
Table 9. 2. The summary of the background study carried out at the meso level. 
Level PB PC BC + CB 
36ha park 
Lower temperature 
region (400 -500m) 
25.2ºC vs. 26.9ºC  
-1.7 ºC (average ambient)  
0-10% (energy savings) 
22% green coverage in 
developments 
7% green coverage in 
developments 
32.2ºC vs. 34.5ºC 




No tree-shading street 
27.3 ºC vs. 27.9 ºC 
(long term ave. 
temp.) 
- 0.6 ºC (long term ave. 
temp.) 
-2 ºC (night max ambient 
difference) 
 
Finally, the field measurements were carried out at the micro level. The benefits of 
plants have been evaluated at the individual buildings with respect to the micro 
climate (see Table 9. 3). Two types of rooftop gardens were used in the 
measurement studies. They are the intensive rooftop garden and the extensive 
rooftop garden. Both types of rooftop garden can bring thermal benefits by reducing 
surface temperatures, cooling surroundings, reducing reflected radiation, globe 
temperature, and heat flux through structure below and so on. The intensive rooftop 
garden can perform much better than the extensive one. To support dense shrubs 
and even trees, however, thick growing media and regular maintenance are needed 
in the intensive rooftop garden. The maintenance involved in the extensive rooftop 
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garden is very minimal. With thin growing media, the extensive greenery can be 
easily installed on existing structure.  Considering both cost and related benefits, it is 
not difficult for a designer to decide what kind of rooftop greenery is to be used.  
Vertical shading caused by plants is another passive way to create better thermal 
condition for buildings. A layer of plants can work as a buffer zone between building 
facades and the climate. Plants can intercept incoming solar radiation and create 
lower surface temperature of facades. It can be translated to cooling energy saving 
later on.  
 
CHAPTER 9 CONCLUSION 
 287
Table 9. 3. The summary of the background study carried out at the micro level. 
Level PB PC BC + CB 
26 ºC  vs. 57ºC 
(surface 
temperature with 
and without plants) 
0 – 31.0oC (surface 
temperature reduction) 




plants and bared 
surface at 300mm 
heights) 
0 – 4.2oC (max ambient 
temperature difference) 




plants and bared 
surface at 1000mm 
heights) 




radiation with and 
without plants)  
Up to 110W/m2 (reduction in 
reflected radiation) 
28.5 ºC vs. 32.6 ºC 
(globe temperature 
measured above 
plants and bared 
surface) 
0 – 4.1oC (reduction in globe 
temperature) 
Plants on extensive 
rooftop garden 




0.6% – 19.5% (Annual 
energy consumption) 
 
30.0 ºC vs. 55.0 ºC 
(surface 
temperature with 
and without plants) 
0-25oC (surface temperature 
reduction)  
70W/m2 vs. 240 
W/m2 (reflected 
radiation with and 
without plants) 
170W/m2(reduction in 







total heat gain over a day) 
7.9°C (maximum) 
2.5°C (average) 
Vertical shading on east-
facing wall (Light color)  
25.9 ºC vs. 33.8 ºC 
(surface 
temperature 








Vertical shading on west-
facing wall (Dark color) 
28.7 ºC vs. 30.1 ºC 







CHAPTER 9 CONCLUSION 
 288
 
2. Green sol-air temperature 
The second part of the quantitative findings is derived from a new concept which is a 
simplified calculation method of predicting thermal benefits of plants around buildings 
at micro level. The new concept, green sol-air temperature, has been developed by 
the author with reference to the existing concept of sol-air temperature. The role of 
green sol-air temperature, as the final deliverable, can be illustrated by Figure 9. 4.  
Based on the existing sol-air temperature concept and the regression models 
generated from an experiment, it helps to translate plants’ intervention over urban 
climate and buildings into quantitative data at micro level. This could not be done with 
sol-air temperatures. Furthermore, it can be fitted into the conceptual model raised by 




























Figure 9. 4. The final deliverable and its function in filling up the knowledge gap. 
 
Firstly, the impacts of greenery have been strictly link to their corresponding LAI 
values through the experiment (see Table 9. 4).The experimental results further 
reiterates that the LAI value is the critical parameter which governs the possible 
impact of plants around buildings. This applies to not only horizontal surfaces (roofs) 
but also vertical surfaces (facades) as well. With large LAI values, more solar 
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radiation can be intercepted and a stable bound air environment can be formed 
within the foliage. It accords with the observations derived from the background 
studies.  
Table 9. 4. The summary of the experiment with respect to the relationship between the impacts 
of plants and their corresponding LAI values. 
Level PB PC BC + CB 
Horizontal setup with 
plants’ LAIs fixed at 1, 3 
and 5 
29.6 ºC vs. 29.7 ºC 
(LAI = 1, long term 
Ave) 
 28.7 ºC vs. 29.5 ºC 
(LAI = 3, long term 
Ave) 
27.7 ºC vs. 28.9 ºC 
(LAI = 5, long term 
Ave) 
0.1ºC to 1.2 ºC (long term 
Ave ambient reduction)  
 
Vertical setup at eastern 
orientation with plants’ 
LAIs fixed at 1, 3 and 5 
28.7 ºC vs. 28.1 ºC 
(LAI = 1, long term 
Ave) 
29.1 ºC vs. 29.1 ºC 
(LAI = 3, long term 
Ave) 
28.3 ºC vs. 29.6 ºC 
(LAI = 5, long term 
Ave) 
-0.6ºC to 1.3 ºC (long term 




Vertical setup at western 
orientation with plants’ 
LAIs fixed at 1, 3 and 5 
27.5 ºC vs. 28.1 ºC 
(LAI = 1, long term 
Ave) 
28.7 ºC vs. 29.1 ºC 
(LAI = 3, long term 
Ave) 
28.0 ºC vs. 29.6 ºC 
(LAI = 5, long term 
Ave) 
-0.4ºC to 1.6 ºC (long term 




The quantitative data are not limited to describe the critical role of LAI values. The 
regression models and their corresponding green sol-air temperatures have been 
generated based on the data obtained from the experiment (see Table 9. 5). The 
regressions have been generated from only the foliage which can create a relatively 
stable bound-air condition. According to the experiment, the LAI value benchmark 
should be more than 3 on a horizontal surface and more than 5 at the western and 
the eastern orientations. The regression models basically represent the abilities of 
plants on mediating the micro climate with focus on reducing ambient air temperature 
and solar radiation during the daytime. Green sol-air temperature is calculated based 
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on the regressions and given LAI values. The potential applications of green sol-air 
temperature can be reflected at the direct comparison with sol-air temperature, the 
possible reduction of heat gain, the possible increase of the current ETTV value, and 
so forth.  
Table 9. 5. The summary of regressions and the application of green sol-air temperature. 
Level PB PC BC + CB 
Horizontal setup with 





0.002X2 – 39.426] 
Ylai5=X1 – 
[19.56LN(X1)- 





0.001X2 – 6.629) 
Ylai5=X1-
EXP(0.087X1+ 
0.001X2 – 2.819) 
absorptivity of 0.3 
5.9°C – 8.4°C (average 
hourly temperature 
differences between sol-air 
temperatures and the green 
sol-air temperatures); 
2% -45% (possible heat gain 
assuming exposed structure 
= 100%); 
absorptivity of 0.9 
20.8°C – 26.0°C (average 
hourly temperature 
differences between sol-air 
temperatures and the green 
sol-air temperatures); 
1% -22% (possible heat gain 
assuming exposed structure 
= 100%); 
ETTV 
1.06 - 3.03 times of original 
ETTV (green coverage from 
10% to 10%) 
Vertical setup at eastern 
orientation with plants’ 








0.0003X2 – 8.903) 
absorptivity of 0.3 
4.6°C – 5.5°C (average 
hourly temperature 
differences between sol-air 
temperatures and the green 
sol-air temperatures); 
34% -53% (possible heat 
gain assuming exposed 
structure = 100%); 
absorptivity of 0.9 
12.9°C – 14.7°C (average 
hourly temperature 
differences between sol-air 
temperatures and the green 
sol-air temperatures); 
16% -31% (possible heat 
gain assuming exposed 
structure = 100%); 
ETTV 
1.05 - 1.89 times of original 
ETTV (green coverage from 
10% to 10%) 
Micro 
scale 
Vertical setup at western 
orientation with plants’ 
LAIs fixed at 5 
Morning 
Yw=0.175X1 + 
0.005X2 + 20.444 
 
absorptivity of 0.3 
4.2°C – 5.1°C (average 
hourly temperature 
differences between sol-air 
 





0.001X2 – 10.655) 
temperatures and the green 
sol-air temperatures); 
39% -57% (possible heat 
gain assuming exposed 
structure = 100%); 
absorptivity of 0.9 
12.5°C – 14.3°C (average 
hourly temperature 
differences between sol-air 
temperatures and the green 
sol-air temperatures); 
18% -33% (possible heat 
gain assuming exposed 
structure = 100%); 
ETTV 
1.04 - 1.75 times of original 
ETTV (green coverage from 
10% to 10%) 
 
 
In conclusion, both the background studies and the green sol-air temperature are 
used to interpret the conceptual model quantitatively. By quantifying PB, PC, BC+CB, 
a complete picture of the intervention of plants in the tropical climate has been 
generated.  
 
9.3 General guildlines for creating a 3D tropical garden city  
 
In Singapore, the continuous efforts in making the country a “garden city” has 
resulted in lush greenery throughout the island. Simultaneously, the green movement 
should also extend to the greening of buildings in order to improve the environment 
for a good living. The conceptual model and the quantitative data are very useful in 
generating some general guildlines for creating a tropical garden city:  
 
• The large size city green areas are luxuries on the island due to limited land. 
They serve as the green heart of the city. Without them, the UHI effect will be 
largely aggravated. On the other hand, it is not possible to create more big 
size greenery.  The strategy should be to preserve as much of the current city 
green spaces as possible. In order to benefit from surrounding area, low-
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density buildings can be constructed based on careful planning. High-density 
and high-rise developments are not supposed to be built close to these green 
areas; 
• A network of the green areas should be formed island-wide. For a particular 
site, scattered smaller green areas are favoured over a concentrated large 
green area. The aim is to segregate the harsh built environment into small 
sections by use of the interventions of plants. The positive impacts caused by 
buildings are not supposed to be accumulative; 
• Trees and low-rise buildings can be coupled together. Trees can be lined up 
to separate low-rise buildings. For an individual building, strategically placed 
trees to shade the roof, the western and the eastern facades are necessary;  
• Rooftop garden and low-rise buildings can also be integrated. For a low-rise, 
the rooftop garden can save considerable cooling energy since its roof play a 
predominant role in deciding the daytime heat gain. On the other hand,  
rooftop greenery on low-rise can benefit surrounding high-rise in reducing the 
reflected radiation;  
• Vertical planting and high-rise buildings can be integrated. Compared to low-
rise buildings, the area of vertical facades play an important role in deciding 
the daytime heat gain. For the facades beyond tree-top level, only vertical 
planting can extend the thermal benefits of plants. The East and the West are 
the orientations where solar protection by vegetation is most necessary since 
the solar radiation is particularly strong during early morning and late 
afternoon respectively. On the other hand, moisture concentration should be 
avoided by planting vegetation away from windows/openings and 
encouraging natural ventilation;  
• The density of greenery at macro-level and LAI values at micro level are 
critical in reaping significant cooling benefits caused by plants. In order to get 
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better thermal condition, high density or large LAI value of greenery is 
recommended.   
  
9.4 Limitations and suggestions for future work 
 
The conceptual model, the background studies and the green sol-air temperatures all 
focus on interpreting and determining the intervention of plants in the conflict 
between buildings and climate in the tropical climate. Some limitations and 
suggestions for future work are listed as follows:  
 
• As one of the scientific extensions, the conceptual model only covers a small 
portion of the impacts of plants in the built environment. To complete a full 
spectrum of Garden City movement, multi-disciplinary researches should be 
carried out.   
• The quantitative data related to both the background studies and the green 
sol-air temperature concept origin from the local tropical climate and the built 
environment. Therefore, they are not directly applicable to other environments. 
But the green sol-air temperature concept is an open one which can be used 
in other climatic conditions as long as related empirical data for predicting the 
impacts of plants are available.  
• The results obtained from the background studies may be influenced by local 
wind profiles as well as anthropogenic heat. However, sensitivity analysis on 
the impacts of the two parameters was not performed due to the limitation of 
the instruments. It is expected that more in-depth studies can be carried out in 
the area.  
• Relatively weak correlation between wind velocity and bound air temperature 
within foliage was observed in the control experiment which was carried out at 
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ground level. It is assumed that advection flow is not enhanced within the 
foliage of plants where relatively weak wind is experienced. However, when 
plants are introduced into tall buildings, the advection flow is probably 
significant and it should be figured out carefully.    
• Only the very common plants were tested in the experiment. More researches 
are necessary to capture the differences caused by shapes, reflectivity, LAI 
values of leaves of plants which can be introduced into buildings.  
• In the area of LAI values, two further investigations can be conducted. One is 
the possible regression models which can be used to describe the thermal 
behavior of sparse plants (Low LAI values) within which a stable bound air 
condition is not easily achieved. The other is the threshold of the LAI value 
beyond which no significant improvement of the bound air temperature 
condition can be achieved within the foliage.  
• Due to the time constraints, the experiment is carried out for a few months. 
The argument is that there is no big temperature difference throughout a year 
in the tropical climate and the short term results can be applied any time with 
limited bias.  However, long term monitoring of behaviors of the different 
plants is good for building up a complete database.   
• As the final deliverable of the research, the green sol-air temperature concept 
is good for predicting the impacts of plants around buildings at micro level. 
But it does not cover the impacts of plants at macro level. Many literatures are 
related to this area. But most of them explore the macro impacts of plants in a 
built environment in the temperate climatic condition. Some deliveries are 







Akbari, H. et al. (1992) Cooling our Communities – A Guidebook on Tree 
Planting and Light Colored Surfacing. US Environmental protection Agency. 
Office of Policy Analysis, Climate Change Division. 
 
Akbari, H., et al. (1997). Peak power and cooling energy savings of shade 
trees. Energy and Buildings,  25, 139 – 148. 
 
Argiro, Dimoudi, Marialena, Nikolopoulou. (2003). Vegetation in the urban 
environment: Microclimatic analysis and benefits. Energy and Buildings, 35, 
69 -76. 
 
Aronin, Jeffrey Ellis. (1953). Climate & Architecture Progressive Architecture 
Book, New York: Reinhold Publishing Corp.  
 
ASHRAE. (1993). ASHRAE Handbook – 1993. Atlanta: Fundamentals. 
 
Avissar, Roni. (1996). Potantial effects of vegetation on the urban thermal 
environment. Atmospheric Environment, 30, 437 – 448. 
 
Besset, Maurice. (1987). Le Corbusier. London: Architectural Press, 1987. 
 
Boo, C. M., Kartini, Omar-Hor, Ou-Yang, C. L. (2003). 1001 Garden Plants in 
Singapore. Singapore: National Parks Board Publication.  
 
Brad, Bass. (2003 Jan). Mitigating the Urban Heat Island with Green Roof 
Infrastructure.  Toronto: Urban Heat Island Summit -Mitigation of and 
Adaptation to Extreme Summer Heat, 2002 May 1 to 4. Retrieved 05 January 
2003 from the World Wide Web: 
http://www.city.toronto.on.ca/cleanairpartnership/uhis_summit.htm. 
 
Bridgman, H., Warner, R., and Dodson, J. (1995), Urban Biophysical 
Environments. Melbourne, New York: Oxford University Press. 
 
Chia, L.S. (1986). Climate and Weather: the Biophysical Environment of 
Singapore. Singapore: Singapore meteorological services. 
 
Chia, Lin Sien, Ausafur Rahman & Dorothy Tay B.H. (Ed.). (1991). The 
Biophysical environment of Singapore. Singapore: Published by Singapore 
University Press for the Geography Teachers' Association of Singapore. 
 
Corlett, Richard. (1991). Vegetation. In Chia, L.S. (Ed.), The Biophysical 
environment of Singapore (pp.134-154). Singapore: Singapore University 





E. P. D. Barrio. (1998). Analysis of the green roofs cooling potential in 
buildings. Energy and Buildings, 27, 179 – 193. 
 
Egan, M. David. (1975). Concepts in thermal comfort. Englewood Cliffs, N.J.: 
Prentice-Hall.  
 
Givoni, B. (1969). Man, climate, and architecture. Amsterdam; New York: 
Elsevier.  
 
Givoni, B. (1991). Impact of planted areas on urban environmental quality: A 
review. Atmospheric Environment, 25B(3), 289-299. 
 
Givoni, B. (1998). Climate considerations in building and urban design. New 
York: Van Nostrand Reinhold.  
 
Han, Fook Kwang, Warren Fernandez, and Tan, Sumiko (1998). Lee Kuan 
Yew: The Man and His Ideas. Singapore: Times. 
 
Harazono, Y. (1990). Effects of rooftop vegetation using artificial substrates 
on the urban climate and the thermal load of buildings. Energy and Buildings, 
15-16, 435-442. 
 
Higgins, S. (1986). The City Green: Green Vision 2. AJ, 6, 40-42. 
 
Holm, D. (1989). Thermal improvement by means of leaf cover on external 
walls-a simulation model. Energy and Buildings, 14, 19-30. 
 
Honjo, T. (1990). Simulation of Thermal Effects of Urban Green Areas on their 
surrounding Area. Energy and Buildings, 15-16, 443-446. 
 
Howard, Ebenezer. (1946). Garden Cities of To-Morrow. London: Faber and 
Faber.  
 
Hoyano, A. (1988). Climatological Uses of Plants for Solar Control and Effects 
on the Thermal Environment of a Building. Energy and Buildings, 11, 181-199. 
 
J. R. Simpson. (2002). Improved estimates of tree-shading effects on 
residential energy use. Energy and Buildings, 1439, 1-10.  
 
Johnston, Jacklyn. (1992). Building green: a guide to using plants on roofs, 
walls and pavements. London: London Ecology Unit. 
 
Jones, Hamlyn G. (1991). Plants and microclimate (2nd edition). Cambridge: 
Cambridge University Press, 1992. 
 
Kawashima S. (1990/91). Effect of Vegetation on Surface Temperature in 






Kiran, B. Chhokar, Mamata, P., and Meena, R. (Ed.). (2004) Understanding 
environment. New Delhi; Thousand Oaks, Calif.: Sage Publications. 
 
Koenigsberger, O. H. (1974), Manual of tropical housing and building. New 
York: Longman.  
 
Shashua-Bar, L., Hoffman, M.E. (2000). Vegetation as a climatic component 
in the design of an urban street An empirical model for predicting the cooling 
effect of urban green areas with trees. Energy and Buildings, 31, 221 – 235. 
 
Shashua-Bar, L., Hoffman, M.E. (2002). The Green CTTC model for 
predicting the air temperature in small urban wooded sites. Building and 
Environment, 37, 1279 – 1288.  
 
Shashua-Bar, L., Hoffman, M.E. (2003). Geometry and orientation aspects in 
passive cooling of canyon streets with trees. Energy and Buildings, 35, 61 – 
68. 
 
Shashua-Bar, L., et al. (2004). Quantitative evaluation of passive cooling of 
the UCL microclimate in hot regions in summer, case study: urban streets and 
courtyards with trees. Building and Environment, 39, 1087 – 1099. 
 
Landsberg, H. E. (1981). The Urban Climate.  New York: Academic Press. 
 
Lesiuk, Stephen (2000 Sep). Biotecture II: Plant-building interaction. 
Retrieved 09 September 2000 from the World Wide Web: 
http://forests.org/ric/good_wood/biotctll.htm. 
 
Loh, CT. (1984). Designed for living: Public housing architecture in Singapore.  
Lovelock, James. (1989). The Ages of Gaia. Oxford: Oxford University Press.  
 
M. H. de Wit. (Ed.). (2004). Building environments and environmental 
buildings: proceedings of PLEA 2004 (Volume 2). Eindhoven: Technische 
Universiteit Eindhoven. 
 
Mackey, C.O., and, L.T. Wright. (1946). Periodic Heat Flow—Composite 
Walls or Roofs. Transactions of the ASH&VE,  50, 293-312. 
 
Maf Smith, John Whitelegg, and Nick Williams. (1998). Greening the Built 
Environment. London: Earthscan Publications.  
 
Markus, T. A., Morris, E.N. (1980). Buildings, climate, and energy. London: 
Pitman Pub. 
 
Mcpherson, E.G. (1988). Impacts of vegetation on residential heating and 





Mcpherson, E.G. & Simpson, J. R. (1998). Simulation of tree shade impacts 
on residential energy use for space conditioning in Sacramento. Atmospheric 
Environment, 32, 69-74. 
 
Moffat, A. and Schiler, M. (1981). Landscape Design that Saves Energy. New 
York: Walliam Morrow and company.  
 
Moore, Doland & Joanna (1969). The First 150 Years of Singapore. 
Singapore: Donald Moore Press Ltd. 
 
Nichol, Janet E. (1996). High-Resolution Surface Temperature Related to 
Urban Morphology in a Tropical city: A Satellite-Based Study. Journal of 
Applied Meteorology, 35, 135-146. 
 
Nieuwolt, S. (1966). The urban microclimate of Singapore. The J. Tropical 
Geography, 22, 30-31. 
 
Oke, T. R. (1978). Boundary layer climates. London: William Clowes and 
Sons Limited. 
 
Oke, T. R. (1988). Street design and urban canopy layer climate. Energy and 
buildings, 11, 103-113. 
 
Olgyay, Victor. (1963). Design with climate: bioclimatic approach to 
architectural regionalism. Princeton, N.J. :Princeton University Press. 
 
Onmura, S., et al. (2001). Study on evaporative cooling effect of roof lawn 
gardens, Energy and Buildings, 33, 653-666. 
 
Padmanabhamurty, B. (1990/91). Microclimates in tropical urban complexes. 
Energy and buildings, 15-16, 83-92. 
 
Papadakis, G., et al. (2001). An experimental investigation of the effect of 
shading with plants for solar control of buildings. Energy and Buildings,  33, 
831-836. 
 
Parker, H. (1983). Landscaping to reduce the energy used in cooling buildings. 
J. Firestry 81(2), 82-84. 
 
Pitt, D. (1979), Trees in the City. In Laurie, Ian C. (Ed.), Nature in Cities: the 
natural environment in the design and development of urban green space 
(pp.205-230). Chichester; New York: Wiley. 
 
Rao, K. R. (1977). Thermal characteristics and heat gain factors of building 
sections for Singapore. Unpublished research report, Department of Building 






Saito, I. (1990). Study of the effect of green areas on the thermal environment 
in an urban area. Energy and Buildings, 15-16, 443-446. 
 
Santamouris M. (Ed.). (2002). Energy and climate in the urban built 
environment. London: James and James Science Publishers. 
 
Smith, M., Whitelegg, J., and Williams N. (1998) Greening the built 
environment. London: Earthscan Publications. 
 
Sonne, J K and Viera, R. K. (2000). Cool Neighborhoods: The Measurement 
of Small Scale Heat Islands. Proceedings of 2000 Summer Study on Energy 
Efficiency in Buildings.  Washington, DC: American Council for an Energy-
Efficient Economy.  
 
Steemers, Koen and Yannas, Simos. (Ed.). (2000). Architecture, city, 
environment: proceedings of PLEA 2000. London: James & James.  
 
Stoutjesdijk, Ph. and Barkman, J. J. (1992). Microclimate, vegetation and 
fauna. Knivsta: OPULUS Press AB.  
 
Sujarittanonta, S. (1986). The possibilities of low-energy dwellings for 
Singapore. Unpublished doctorial dissertation, Faculty of Architecture & 
Building, National University of Singapore.  
 
Szokolay, SV. (1982). Climatic data and its use in design. Canberra; Vickery: 
RAIA Education Division. 
 
Takakura, T., (2000). Cooling effect of greenery cover over a building. Energy 
and Buildings, 31, 1-6. 
 
Tay, Kheng Soon. (1989). Mega-Cities in the Tropics: towards an architectural 
agenda for the future. Singapore: Institute of Southeast Asian Studies. 
 
Theodore G. Theodosiou. (2003). Summer period analysis of the performance 
of a planted roof as a passive cooling technique, Energy and Buildings 35, 
909-917. 
 
Tso, C. P. (1996). A Survey of Urban Heat Island Studies in Two Tropical 
Cities. Atmospheric Environment,  30, 507-519. 
 
University of Maryland Libraries. (December 2005). Planned Communities, Part 1. 
Retrieved 05 December 2005 from the World Wide Web: 
http://www.lib.umd.edu/NTL/gardencities.html. 
 
Vale, Brenda. (1991). Green architecture: Design for an energy-conscious 
future. Boston: Little, Brown. 
 
Victor L. Barradas. et al. (1999). Energy valance measurements in a suburban 





Vitruvius, P. (1999). Ten books on Architecture, Rowland, Ingrid D. (trans.). 
New York: Cambridge University Press. 
 
Vu Thanh Ca. et al. (1998). Reductions in air conditioning energy caused by a 
nearby park. Energy and Buildings, 29, 83 – 92. 
 
W. J. Stec, et al. (2005). Modelling the double skin facade with plants. Energy 
and Buildings, 37, 419 – 427.  
 
Walton, G. N. (1981). Passive solar extension of the Building Loads Analysis 
and System Thermodynamics (BLAST) program. Technical Report, United 
States Army Construction Engineering Research Laboratory, Champaign, IL. 
Wilmers, F. (1990). Effects of vegetation on urban climate and buildings. 
Energy and buildings, 15-16, 507-514. 
 
Wong, N. H., Chen, Y., Ong, C. L., and Sia, A. (2003). Investigation of thermal 
benefits of rooftop garden in the tropical environment. Building and 
Environment, 38, 261-270. 
 
X. Picot. (2003). Thermal comfort in urban spaces: impact of vegetation 
growth Case study: Piazza della Schienza, Milan, Italy, Energy and Buildings 
36, 329-334. 
 
Yeang, Ken. (1994). Bioclimatic skyscrapers. London: Artemis. 
 
Yeang, Ken. (1995). Designing with nature: the ecological basis for 
architectural design. New York: McGraw-Hill. 
 
Yeang, Ken. (1996). The skyscraper, bioclimatically considered. London: 
Academy Editions. 
 
Yeang, Ken. (1998). Designing the green skyscraper. Building Research & 
Information, 26(2), 122-141. 
 
Yeang, Ken. (1999). The Green Skyscraper: The Basis for Designing 
Sustainable Intensive Buildings. New York: Prestel. 
 
Zeiber, Laura C. (1996). The Ecology of Architecture: A Complete Guide to 





APPENDIX 1: Comparisons of sol-air temperatures and 
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Figure 1. The comparison of sol-air temperature, green sol-air temperature (LAI=3), green sol-
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Figure 2. The comparison of sol-air temperature and green sol-air temperature (LAI=5) at 
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Figure 3. The comparison of sol-air temperature, green sol-air temperature (LAI=3), green sol-
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Figure 4. The comparison of sol-air temperature and green sol-air temperature (LAI=5) at 
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Figure 5. The comparison of sol-air temperature, green sol-air temperature (LAI=3), green sol-
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Figure 6. The comparison of sol-air temperature and green sol-air temperature (LAI=5) at 
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Figure 7. The comparison of sol-air temperature, green sol-air temperature (LAI=3), green sol-
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Figure 8. The comparison of sol-air temperature and green sol-air temperature (LAI=5) at 
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Figure 9. The comparison of sol-air temperature, green sol-air temperature (LAI=3), green sol-
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Figure 10. The comparison of sol-air temperature and green sol-air temperature (LAI=5) at 
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Figure 11. The comparison of sol-air temperature, green sol-air temperature (LAI=3), green sol-
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Figure 12. The comparison of sol-air temperature and green sol-air temperature (LAI=5) at 








APPENDIX 2: Measurement of LAIs on a traditional roof 
top (International Business Park Atrium) 
 




    






     
Figure 2. Description:  White flowers, spider lily (Measured LAI: 3.31). 
 
    
 
 
Figure 3. Description: White flower, small flower buds (Measured LAI: 3.07). 
    





    
Figure 5. Description: Yellow green leaves (Measured LAI: 3.75). 
 
    
Figure 6. Description: Dark green long blades of leaves/grass (Measured LAI: 6.66). 
 
    
Figure 7. Description: Orange flower (Measured LAI: 5.82). 
 






Figure 8. Description: Pinkish red flowers (Measured LAI: 2.44). 
 
    
Figure 9. Description: Fern like (Measured LAI: 6.59). 
 
    
Figure 10. Description: Palm tree like (Measured LAI: 4.41). 
    





    
Figure 12. Description: Small yellow green leaves (Measured LAI: 4.08). 
 
    
Figure 13. Description: Long big leaves (Measured LAI: 5.28). 
 
    
Figure 14. Description: Orange stems and leaves for those which are taller (Measured LAI: 2.15). 
    





     
Figure 16. Description: Light green edges with dark green center leave blades (Measured LAI: 
5.83). 
 
    
Figure 17. Description: Red yellow tulip like flowers (Measured LAI: 3.04). 
     
 
 





    




Figure 20. Description: No special feature (Measured LAI: 1.69). 
 
  
Figure 21. Description: Palm tree (Measured LAI: 2.37).
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